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WELCOMING  ADDRESS 


Dr.  Joseph  M.  Ray 
President 

Texas  Western  College 

Ladies  and  Gentlemen,  you  are  welcome. 

It  is  incumbent  on  college  presidents,  apparently  it  is  a  con¬ 
stitutional  requirement  by  virtue  of  their  make  up,  to  know  everything; 
and  I,  of  course,  do  know  precisely  that.  I  am  a  social  scientist  so 
I  don't  quite  know,  although  I  do  know  in  general,  what  you  people  are 
up  to. 

I  am  acquainted  with  the  words  in  the  name  of  your  conference. 

I  became  associated  with,  indeed  addicted  to  the  consumption  of, 
atmosphere  some  53  years  ago.  Acoustics  we  are  playing  with  right 
now,  and  I  understand  this.  And  of  course  I  cun,  I  say  modestly, 
acquainted  with  the  concept  of  propagation.  The  point  again  is  that 
I  do  understand  the  words,  but  I  do  not  quite  understand  the  association 
of  the  words. 

We  are  pleased  to  have  you  here  at  Texas  Western  College,  not 
because  of  the  fact  that  the  president  of  the  college  knows  everything 
and  understands  precisely  what  it  is  you  are  to  engage  yourselves  with, 
but  by  virtue  of  the  quality  of  the  group  and  by  virtue  of  the  import¬ 
ance  of  the  work  you  do,  we  are  honored  by  your  presence.  We  want  to 
contribute  what  we  can.  We  are  pleased  to  know  that  you  have  come  from 
far  places.  I  would  ask  that  you  not  be  too  smug  in  your  assumption  of 
superiority  over  the  ordinary  run  of  man  because  this  is  the  age  of 
specialization,  and  some  people  will  give  you  full  credit  for  keeping 
track  of  the  sound  of  rockets  as  they  go  through  the  air.  But  when  it 
comes  to  other  things,  it  could  be  as  the  kids  say,  "you  don't  know 
from  nothing." 

Again,  we  are  happy  to  have  you  here.  It  is  a  privilege  to  us 
and  we  hope  you  profit  much  from  your  conference  here . 
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WELCOMING  ADDRESS 

Lt.  Col.  Glenn  A.  Welde,  Deputy  Commander 
U.  S.  Army  Signal  Missile  Support  Agency 
White  Sands  Missile  Range 


Acoustics  and  Sound  -  -  -  taking  my  cue  from  them,  I  will  "sound- 
off"  WELCOME!  and  signal  to  you  our  appreciation  for  your  attendance  and 
participation  In  this  symposium. 

The  need  for  scientific  "sounding-off"--  the  communication  of  ideas— 
was  the  motivation  and  guiding  thought  in  planning  this  series  of  discus¬ 
sions.  For  ve  all  are  aware  that  scientific  knowledge  loses  some  of  its 
value  if  there  is  no  timely  transmission  of  that  knowledge  throughout 
the  scientific  community. 

In  a  recent  syndicated  column,  the  urgency  of  an  "idea  clearing  house" 
was  emphasised.  The  article  said  m  part,  and  I  quote, 

"If  competent,  highly-trained  brainpower  is  the  nation's  most 
valuable,  and  rarest,  resource,  it  is  surely  a  waste  if  it  spends  its 
time  in  thumbing  through  indexes  in  libraries.  With  the  ever-increasing 
flood  of  literature,  a  scientist  can  spend  more  time  doing  paper 
research  than  the  Lab  research  he's  paid  for." 

The  misuse  of  brainpower  is  in  itself  bad  enough,  but  the  waste  is  com¬ 
pounded  by  the  iiadequPiy  of  the  professional  journals  to  print  all  the 
newest  ideas  and  latest  concepts.  Quoting  again  from  the  column: 

"With  tens  of  thousands  of  laboratories  cranking  out  endless 
rivers  of  data,  the  trade  papers  can't  possibly  do  their  job.  Some 
01  the  better  ones  are  publishing  material  submitted  as  feur  back  as 
three  years  with  the  backlog  growing  each  month.  Even  more  arnalllng, 
important  contributions  are  being  published  in  little-known 
periodical^  which  no  one  readc,  simply  because  the  line  is  1,00  xong 
at  the  bigger  journals.  These  important  works  often  pass  completely 
without  notice  only  to  be  rediscovered  much  later  by  duplicated 

ei'iort  which  could  have  been  avoided.  - The  worst  problem 

is  the  politics  of  getting  works  published.  This  perverts  many 
periodicals  from  their  proper  purposes,  making  them  even  less  efficient 
means  of  transmitting  scientific  advancements." 

Thus,  even  in  the  event  that  the  scientist  did  spend  more  time  in 
the  library  than  in  the  laboratory,  he  would  still  be  uninformed  of  re¬ 
cent  developments  in  his  field. 

That  summarizes  the  problem  for  which  ve  hope  symposiums,  such  as 
the  one  we  are  conducting,  will  be  at  least  a  partial  solution.  We  have 
in  this  gathering  some  of  the  greastest  minds-  -  the  foremost  authorities  -  - 
in  the  field  of  acoustics.  Through  the  papers  presented  here,  as  well  as 
in  the  panel  and  group  discussions,  the  most  modern  techniques,  the  newest 
concepts,  and  most  advanced  theories  currently  under  consideration  in  the 
United  States  will  be  transmitted  from  scientific  mind  to  scientific  mind. 

In  this  communication  lies  the  path  of  our  mutual  technical  advancement. 
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SHOCK  PROPAGATION  AT  LARGE  DISTANCES* 
Jack  W.  Reed 
S india  Corporation 
Albuquerque ,  New  Mexico 


Shock  Propagation  at  Large  Distances 

A  common  approach  to  problems  of  long  distance  shock  propagation  is 
to  assume  ideal  acoustic  transmission.'  This  means  small  amplitude  waves 
are  propagated  without  loss  of  energy  and  without  change  of  pressure¬ 
time  form.  Each  part  of-  the  wave  travels  at  sound  speed.  Pressure 
amplitudes  may  be  calculated  from  the  geometric  divergence  of  energy. 

As  a  wave  passes  a  point,  total  sound  energy  flux  density,  \  ,  is  pro¬ 
portional  to  the  integral  over  time  of  the  squared  overpressure, , 
or 

f  =  rT  ,  (i) 

J  o  P0 

from  t  »  0  at  wave  arrival  to  t  =  T,  the  wave  period  or  duration,  where 
c  is  sound  speed  and  p  is  air  density.  Net  or  source  energy,  W,  is  the 
total  flux  integrated  over  the  wave  front  area,  A, 

V  -  /  |  dA  .  (2 ) 

Combining  these  two  integrals  shows  that 

Ap  -  (W  pc)  l/2  (KAT)"1/2  (  3) 

where  the  integration  constant  K  depends  on  the  shape  of  the  pressure - 
time  wave  trace.-*-  Thus  for  three  common  wave  geometries 


Plane  Wave: 

A  =  constant,  - 

- >  A  p 

=  constant. 

Conical  Wave: 

A  ~  radius,  r,  — 

- >  a  p 

Spherical  Wave: 

A  radius  squared,  - 

- >  A  p 

-1 

-^r 

In  passing, 

/  .  _  _  v  .  _ 

we  note  the  following  on  yield  scaling  for  explosive 

(spherical)  blasts:  times,  including  pulse  duration,  T,  are  propor¬ 
tional  to  the  cube  root  of  yield,  tA/3,  in  close-in  high-pressure 
regions. 2  if  this  carries  into  acoustic  range, 

Ap 

A  more  sophisticated  treatment  of  weak  shocks,  which  recognizes 
that  amplitudes  so  small  as  to  travel  in  true  acoustic  manner  are 
really  of  no  concern  was  described  by  DuMond  et  al  in  19^6. 3  Based 
on  an  equilibirum  N-wave  shape,  which  should  eventually  be  reached 
by  any  perturbation,  two  derivations  -ire  made  for  the  pressure-distance 
functions  which  are  in  agreement.  One  is  based  on  thermal  considerations 
for  energy  absorption  in  lead  and  tail  pressure  rises  while  the  other 
is  based  on  a  hydrodynamieal  model  for  the  .linear  intermediate  part 

*Work  performed  under  the  auspices  of  U.  S.  Atomic  Energy  Commission 
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of  the  N-wave  form.  In  summary  DuMond  predicted,  and  verified  experi¬ 
mentally  to  2-millibar  conical  vave  overpressures  from  UO-mm  projectiles, 
that  for  the 

Conical  wave:  AP  r"^  . 

The  same  theory  applied  to  explosion  geometry  results  in 

1  -l/2 

Spherical  Wave:  a  P  **'.  r  (in  ry^) 

where  a^  is  an  integration  constant. 

This  later  form  is  somewhat  dependent  on  yield  at  even  large  but 
fixed  range.  Propagation  becomes  more  nearly  acoustic  with  increasing 
yield  and  thus  with  scaled  initial  range.  This  may  be  intuitively 
noted  from  the  fact  that  with  smaller  yields,  a  larger  fraction  of 
total  wave  energy  is  concentrated  near  the  frontal  discontinuity  where 
diSbatiC  of  dissipative  processes  operate. 

DuMond' s  derivation  suffers  from  some  now  apparent  errors  in 
assumption.  Most  important,  shock  pressure  rise  times  sore  not  nearly 
so  short  as  his  theory  indicates,  l.e.,  at  10-millibars  overpressure 
rise  time  is  10-7  second;  at  1-microbar  rise  time  is  10*3  second.  In 
millibar  overpressure  regions  rise  times  are  more  like  several  milliseconds 
to  give  more  nearly  adiabatic  compressions.  Furthermore,  waves  do  not 
necessarily  become  N- shaped  at  great  distances;  many  recordings  from 
atomic  blast  waves  which  were  refracted  back  to  ground  from  ozonosphere 
(100,000-150,000  feet  MSL)  or  ionosphere  (300,000-500,000  feet  MSL, 
levels  to  135  mile  horizontal  ranges  have  maintained  the  typical  explo¬ 
sion  shock  front  form  of  an  N-shaped  positive  phase  but  a  round,  smaller- 
amplitude  negative  phase.  Of  course  DuMond  is  not  responsible  for  the 
N-shape  generation  assumption  which  was  much  earlier  suggested  by  Lord 
Rayleigh, ^  and  still  has  considerable  logical  attraction. 

Finally,  verification  at  short  ranges  of  a  few  yards  has  limitations 
Imposed  by  the  poor  definition  of  absorptivity.  This  is  an  extremely 
small  quantity  that  only  becomes  important  when  compounded  exponentially 
over  large  distance .  Yet  verification  at  very  long  range  presents  many 
other  very  practical  difficulties. 

Empirical  data  on  explosives  blasts  led  Perkins  et  al5  to  accept 


Their  data  source  is  not  clear  however,  and  may  be  measurements  from 
Pacific  Proving  Ground  nuclear  tests,  in  which  case  the  fast  decay  at 
ground  level  may  have  been  caused  by  atmospheric  refraction  of  waves 
away  from  ground  in  the  unstable  tropical  air  mass. 

On  the  other  hand,  a  purely  acoustic  propagation  assumption  also 
has  many  questionable  facets.  It  is  first  doubtful  whether  any  man-made 
model  perfectly  duplicates  nature;  then  it  is  further  unlikely  that 
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of  the  N-wave  form.  In  sunmary  DuMond  predicted,  and  verified  experl* 
mentally  to  2-millibar  conical  wave  overpressures  from  40-jma  projectiles, 
that  for  the 

-3A 

Conical  wave:  4p  «.r  . 

The  same  theory  applied  to  explosion  geometry  results  in 

-1  ~l/2 

Spherical  Wave :  ^ p  r  (in  r/a^ ) 

where  ai  is  an  integration  constant. 

This  later  form  is  somewhat  dependent  on  yield  at  even  large  but 
fixed  range.  Propagation  becomes  more  nearly  acoustic  with  increasing 
yield  and  thus  with  scaled  initial  range.  This  may  be  intuitively 
noted  from  the  fact  that  with  smaller  yields,  a  larger  fraction  of 
total  wave  energy  is  concentrated  near  the  frontal  discontinuity  where 
diabetic  or  dissipative  processes  operate. 

DuMond' s  derivation  suffers  from  some  now  apparent  errors  in 
assumption.  Most  important,  shock  pressure  rise  times  are  not  nearly 
so  short  as  his  theory  indicates,  i.e.,  at  10-millibars  overpressure 
rise  time  is  10“ 7  second;  at  1-microbar  rise  time  is  10*3  second.  In 
millibar  overpressure  regions  rise  times  are  more  like  several  milliseconds 
to  give  more  nearly  adiabatic  compressions.  Furthermore,  waves  do  not 
necessarily  become  N-shaped  at  great  distances;  many  recordings  from 
atomic  blast  waves  which  were  refracted  back  to  ground  from  ozono sphere 
(100,000-150,000  feet  MSL)  or  ionosphere  (300,000-500,000  feet  MSL, 
levels  to  135  mile  horizontal  ranges  have  maintained  the  typical  explo¬ 
sion  shock  front  form  of  an  N-shaped  positive  phase  but  a  round,  smaller- 
amplitude  negative  phase.  Of  course  DuMond  is  not  responsible  for  the 
N- shape  generation  assumption  which  was  much  earlier  suggested  by  Lord 
Rayleigh,1*  and  still  has  considerable  logical  attraction. 

Finally,  verification  at  short  ranges  of  a  few  yards  has  limitations 
imposed  by  the  poor  definition  of  absorptivity.  This  is  an  extremely 
small  quantity  that  only  becomes  important  when  compounded  exponentially 
over  large  distance.  Yet  verification  at  very  long  range  presents  many 
other  very  practical  difficulties. 

Empirical  data  on  explosives  blasts  led  Perkins  et  al5  to  accept 


Their  data  source  is  not  clear  however,  and  may  be  measurements  from 
Pacific  Proving  Ground  nuclear  tests,  in  which  case  the  fast  decay  at 
ground  level  may  have  been  caused  by  atmospheric  refraction  of  waves 
away  from  ground  in  the  unstable  tropical  air  mass. 

On  the  other  hand,  a  purely  acoustic  propagation  assumption  also 
has  many  questionable  facets.  It  is  first  doubtful  whether  any  man-made 
model  perfectly  duplicates  nature;  then  it  is  further  unlikely  that 
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completely  loss-free  energy  propagation  is  possible.  In  this  case 
it  only  appears  that  losses  are  so  small  as  to  be  nearly  indistinguishable 
with  laboratory  scales.  Further  reference  to  atomic  blast  records  shows 
that  at  135  miles  (Nevada  Test  Site  circular  recording  array  range) 
pressure  wave  periods  are  much  longer  than  at  on-site  ranges  (less  than  20 
miles).  Positive  phase  duration  extensions  are  in  general,  but  not  very 
exact,  agreement  with  expectations  from  finite-amplitude,  sharp- front 
wave  propagation  speeds  and  an  assumption  that  the  zero-overpressure  point 
following  the  positive  phase  travels  at  sound  speed. 

As  previously  mentioned,  high  frequency  components  in  a  sharp  front 
wave  are  slightly  attenuated  in  atmospheric  transmission.  Applying  the 
appropriate  Schrodinger ’ s  (classical -theory)  intensity  absorption 
coefficient^  to  Fourier  components  of  the  positive  phase  blast  N-wave, 
(i.e.,  with  attenuation  proportional  to  frequency  squared  and  inversely 
proportional .  tP-jy-r  density),  shows  that  even  for  one-ton  high  explosives 
waves  very  little  peak  amplitude  reduction  results  from  sea  level  pro¬ 
pagation  even  to  135  miles.  Howe  very  along  mere  common  ray  -paths  to  this 
range,  through  low  air  density  ozonosphere  regions,  classical  attenuation 
causes  amplitude  reduction  to  about  one -half.  For  kilotons  or  larger 
yields  only  a  few  percent  reduction  is  calculated  for  ozonosphere  signals. 
However,  these  calculations  were  based  on  close-in  wave  periods  which  are 
known  to  increase  with  great  range  and  thus  should  reduce  the  overall 
attenuating  effect  as  .lower  frequency  Fourier  components  are  added. 
Furthermore,  as  high  frequency  components  are  absorbed  to  round  off  the 
wave  front,  re-shocking  likely  reforms  them  to  some  degree.  Sound 
attenuation  by  atmospheric  turbulence,  as  described  by  Jorand,?  depends 
on  frequency,  f,  as  f2/ 3  and  not  on  air  density.  A  treatment  by  Lighthill® 
may  also  be  interpreted  to  remove  density  dependence  and  give  dependence 
on  fV3.  Obviously  the  situation  has  become  too  confusing  for  treatment 
with  naive  models. 

Empirical  analysis  at  very  long  range  is  fraught  with  inaccuracy. 
Amplitudes  measured  ere  mainly  determined  by  atmospheric  refraction  effects 
which  may  combine  convergent  focusing  with  interference  among  ray  paths, 
etc.  These  may  be  roughly  calculated  if  rare  bits  of  high  altitude  wind 
and  temperature  data  happen  to  be  available.  Still,  atmospheric  vari¬ 
ability  is  such  as  to  allow  only  approximate  accuracy  instead  of  order- 
of -magnitude  estimate  otherwise  possible.  To  avoid  refraction  effects, 
the  obvious  solution,  other  than  maintaining  uniform  conditions  over  a 
hundred-mile  tube,  is  to  record  waves  along  vertical  ray  paths,  parallel 
to  the  sour.d  velocity  gradients  of  our  stratified  atmosphere  which  bend 
low  elevation  angle  rays  and  turn  fronts.  This  experiment  has  not  been 
carried  out  to  small  millibar  or  microbar  blast  pressure  levels  necessary 
to  accurately  set  the  exponent  for  distance  in  the  pressure-distance 
decay  law.  If  we  assume  that  r-1  and  r~3/2  hound  the  true  decay,  high 
altitude  nuclear  tests  have  only  been  made  where  the  ground-zero  pressure 
difference  between  r"*  and  r- 3/2  predictions  is  less  then  a  factor  of  two. 
Instrument  inaccuracies  (-20$)  obscure  resolution  from  these  tests. 
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Project  Banshee  tests  at  WSMR,  beginning  about  July  1,  1961,  will 
allow  measurements  where  predictions  differ  by  as  much  as  a  factor  of 
twenty.  Instruments  twenty  percent  accurate  will  here  give  resolution 
of  the  distance  exponent  to  a  few  percent. 

At  Sandia  Corporation  we  have  Just  finished  some  measurements  from 
one-pound  charges  at  heights  to  500  feet  above  ground.  In  these  tests 
factor-of-flve  differences  separate  forecasts  by  the  two  laws.  Preliminary 
analysis  of  our  records  shows  that  the  exponent  average  is  about  1.25, 
and  Banshee  recorder  set  ranges  will  be  made  on  the  basis  of  this  figure. 
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THE  WAVELENGTH  LIMITS  OP  ATMOSPHERIC 
RAY  ACOUSTICS* 

E.  Alan  Dean 

Schellenger  Research  Laboratories 
Texas  Western  College 

In  the  investigation  of  various  types  of  long  range  atmospheric 
acoustic  propagation ,  much  use  has  been  made  of  ray  acoustics  to  describe 
the  sound  field.  Ray  acoustics  represents  a  limiting  case  of  the  plane 
vave  solution,  and  as  such,  it  is  evident  that  the  direction  of  propaga¬ 
tion  and  amplitude  should  vary  only  slightly  for  distances  of  the  order 
of  a  vavelength.  However,  both  theory  and  experiment  indicate  that  the 
energy  spectra  for  long  range  propagation  is  predominantly  infraeonic , 
casting  doubt  as  to  the  validity  of  the  ray  acoustic  solution.  This 
paper  is  a  preliminary  investigation  of  the  wavelength  limits  of  ray 
acoustics  imposed  by  the  atmosphere. 

It  4e  evident  that- ^fer  very  long  wavelengths,  the  raysolutlon 
will  be  Inaccurate  and  that  the  more  complicated  normal-mode  solution 
ought  to  be  used.  The  dividing  line  between  these  two  types  of  problems 
is  nebulous  and 'depends  to  a  great  extent  on  the  knowledge  of  the 
atmospheric  variables,  speed  of  sound  c,  velocity^,  and  density  P  . 

Since  these  are  rarely  known  accurately  as  functions  of  position,  a 
complicated  method  of  solution  for  the  sound  field  would  be  of  no  more 
value  than  a  somewhat  less  accurate  method.  If,  however,  the  second 
method's  accuracy  is  a  function  of  the  over-all  variation  of  the  atmos¬ 
pheric  variables,  which  is  generally  known,  then  the  more  accurate  method 
should  be  used. 

Thus,  in  comparing  methods  of  solution,  there  is  some  justification 
for  the  use  of  a  more  or  less  standard  atmosphere,  neglecting  any  horizontal 
and  time  variations  and,  to  a  large  extent,  wind,  since  they  are  rarely 
known  in  practical  cases.  The  inaccuracies  introduced  by  this  simplification 
form  a  separate  problem,  and  are  important  to  either  the  ray  acoustic  or 
normal -mode  solution. 

The  Justification  of  ray  acoustics  is  dependent  on  the  ray's 
description  of  the  wavefront,  which  in  turn,  is  described  by  the  eikonal 
equation.  The  assumptions  upon  which  ray  acoustics  rest  can  therefore 
be  obtained  from  an  investigation  of  the  eikonal  equation,  which  is 
derived  from  the  wave  equation, 

♦  «(  c(  z)]  2v*  ♦  > 

where  it  has  been  assumed  that  the  atmosphere  is  a  layered-inhomogeneous 
medium,  or  that  the  sound  speed  and  density  are  only  functions  of  height, 
z.  The  eikonal  equation  is  obtained  by  considering  a  velocity  potential 
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“solution  of  the  form 


♦  -  A(r^  exp  {  j[*-koygj))  )  , 

where  A  is  an  amplitude  function,  f  is  a  length  function,  and  J,  «  ,  and 
ko  have  their  usual  meanings  of:  imaginary  unit,  angular  frequency,  and 
wave  number. 

Substitution  of  this  value  into  the  wave  equation  and  equating  real 
and  imaginary  parts  results  in  the  pair  of  equations  which  determine 
A  and  f  : 

*  **-*,<*-,..  ’  <2> 


These  are  complicated  equations  and  do  not  materially  decrease  the  complexity 
of  the  problem,  however,  the  simple  assumption 


reduces  equation  (l)  to 


lv*|  S'  ("V")2 ' 

which  is  known  as  the  eikonal  equation. 


With  the  substitution  of  kg 
on  the  familiar  form: 


w 


,  the  eikonal  equation  takes 


&?)*♦  (&)*  ♦(§*)*  ■ 


(3) 


the  solution  of  which  yields  the  eikonal  ^  (x,  y,  z).  The  physical 
significance  of  the  eikonal  becomes  apparent  by  setting  the  phase  of  ♦ 
equal  to  a  constant  «t0.  This  yields 

1/  (x,y,z )  -  C0  (t  -to )  , 

the  equation  of  a  surface  which  varies  its  position  with  time.  This 
surface  of  constant  phase  is,  of  course,  the  wavefront,  and  the  vector 
V  f  is  parallel  to  the  rays  and  has  a  magnitude  equal  to  the  index 
of  refraction. 
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Equation  (2),  which  would  allow  a  solution  for  A ,  reduces  to  an 
indentity  in  therj  order  of  terns  retained  in  the  eikonal  equation,  since 
the  assumption  ^  J  implies  that  both  terms  in  the  second  equation 

are  much  less  than  k© |v ^  |a .  Because  of  this,  the  eikonal  solution  of  the 
wave  equation  is  not  a  solution  for  A,  which  oust  be  obtained  by  other  means. 
Suppose  an  Intensity  function  is  chosen  so  that 

where  W  is  the  source  acoustic  power,  r  is  the  distance  from  the  source, 

B  is  a  correction  factor  due  to  refractive  focusing,  ^uad  a  is  the  pres¬ 
sure  absorption  coefficient.  Using  the  relation  I  (which  is  true  for 
both  plane  and  spherical  waves),  and  the  relation  be  Ween  the  nss  sound 
pressure  and  the  velocity  potential,  p  ■  |p  w  ♦  |  ,  the  resultant  amplitude 
for  ♦  is 


A 


./ads 


Supposing  that  the  absorption  coefficient  is  constant  in  a  particular 
region,  this  becomes: 


,here  ’ '  fr B  •  S1°~ tte  ,OUD4  c“  °nly  **  004 

rotated  by  a  wind,  a  rotation  of  the  coordinate  system  reduces  the  prob¬ 
lem  to  two  dimensions.  After  6ome  simplification  Vsa/a  becomes 


fi  V  i  ( i  ^  l  2  {fa  N  2  2z  fi  ^  i  afn 

* 

which,  because  of  the  assumed  inequality,  must  Lie  less  than  ( 
will  be  assured  if  the  following  inequalities  exist: 


This 


r»2*^ 


(4) 


a  «2* 


(5) 


(6) 


(7) 
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It  can  now  be  shown  that  these  Inequalities  Indeed  cause 


and 


2ko  «• 

— —  7  A  •  7  y  «  — 

A  ea 


k0  7  *  7  f  « 


which  reduce  equation  (2)  to  an  identity.  These  inequalities,  upon  substi¬ 
tution  of  the  eikonal  value  for  7  f,  simplification.  and  the  use  of  as 
a  unit  vector  in  the  direction  of  the  ray  tecgsm:  (See  Lindsay,  Mechanical 
Radiation,  Sect  1.12 )* 


7  A 

A 


« 


and 


7 


7c  .  n  _  2  g  . 
c  •**  X 


These  three  inequalities  express  the  normally  stated  requirements  that  (l), 
the  change  in  amplitude  per  wavelength  must  be  ouch  less  than  the  ampli¬ 
tude  itself,  (2)  the  change  in  direction  cosines  per  wavelength  is  much 
less  than  unity  and,  (3)  the  change  in  velocity  per  wavelength  is  much 
less  than  the  velocity  itself.  Calculation  of  7A  from  the  assumed  amplitude 
function  8 hows  that  inequaltites  (4)  through  (6)  insure  the  first  require¬ 
ment.  Also  since  tj  ■  tj  (e),  inequality  (6)  demands  that  the  third  require¬ 
ment  is  met.  Finally,  assuming  no  wind,  Snell's  law  provides  the  informa¬ 
tion  that  requirement  (3)  includes  requirement (2). 


To  investigate  the  requirements  tj  places  on  the  wavelength  limits, 
first  consider  that  B  is  caused  by  a  change  in  the  divergence  of  the  rays, 
and  that  if  requirement  (2)  is  satisfied,  changes  in  B  may  be  neglected. 
Thus: 

after  use  of  the  ideal  gas  law  and  the  relation  c2  =  yRT.  This  yields 


However,  by  the  hydrostatic  equation, 


-PS 
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where  g  le  the  acceleration  due  to  gravity.  This  yields  the  following 
expression  for  Inequality  (6): 

fr)  «*«*• 

which  will  be  satisfied  If  both  terms  on  the  left  are  «2  x  T  ,  choosing 
the  second, 

X  «  -J3T-  •  (8) 

where  a  factor  of  three  has  been  Included  to  yield  an  even  power  of  ten 
for  the  frequency  limit,  which  becomes: 

f  *  10"2  cps  ’ 

letting  inequality  (8)  be  the  wavelength  restriction,  it  is  also 
necessary  for 

<_!&_  • 

TT  K  h 

This  may  be  expressed  In  terms  of  the  specific  heat  at  constant  pressure, 

for  a  diatomic  gas .  Thus 

H- <5  ^  (9) 

or  that  the  temperature  gradient  should  be  less  than  five  times  the  dry 
adiabatic  lapse  rate.  A  gradient  as  large  as  this  is  not  likely  to  be 
found  in  the  atmosphere. 

Finally,  the  right  side  of  Inequality  (7)  nay  be  expanded  to 

&JL  .  1L  ( 1  ±1  +  j2?  V.  JL  (l  11  +  i2L  )  *!_+  £  ( 

bzs  T2  ^  4  8  z  2R  '  T8  '4  S  *  2R  '  8  z  T  '  4  8zs  ^ 

The  first  two  terms  are  much  less  than  4x  aq/X2  because  of  inequalities 

(8)  and  (9),  leaving  the  fact  that 

-  2  x  10"8  °k/m® 

8  za  R8! 

This  requirement  is  of  importance  at  the  tropo pause  where  the 
temperature  gradient  changes  rapidly.  According  to  charts  from  Webb  and 
Jenkins,  "Speed  of  Sound  in  the  Stratosphere",*  the  greatest  change  In 


*W.  L.  Webb  and  K.  R.  Jenkins,  i960.  "Speed  of  Sound  In  the  Stratosphere". 
U.  S.  A nay  Signal  Missile  Support  Agency  Special  Report  37. 
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the  temperature  gradient  is  just  below  the  tropopause,  where  the  gradient 
changes  from  its  normal  tropospheric  value  to  zero  in  about  a  kilometer. 
Since  the  normal  tropospheric  gradient  is  about  6  x  10"3'®K/m,  this  yields 
■  4gX-*6:iO-a,  about  the  maximum  value  that  will  not  require  adjustment 
ofthe  previously  set  wavelength  limit  which  depends  on  the  density 
gradient. 

Although  it  is  not  likely  that  the  density  gradient  will  vary  appre¬ 
ciably,  or  that  the  temperature  gradient  will  be  as  large  as  5  times  the 
dry  adiabatic  lapse  irate,  it  is  quite  possible  that  the  change  in  tempera¬ 
ture  gradient  at  the  tropo pause  will  be  larger  than  6  x  10“  b  at  times. 
Therefore  care  should  be  used  in  applying  inequality  (8)  to  the  atmosphere. 
It  must  also  be  noticed  that  inequality  (k),  not  mentioned  yet,  requires 
that  ray  acoustics  be  applied  only  at  distances  from  the  source  which 
are  very  large  compared  to  a  wavelength.  For  Instance,  about  3  km  for 
a  one  cps  signal.  Whereas,  inequality  (5)  is  Independent  of  wavelength 
since  the  maximum  absorption  per  wavelength  is  Independent  of  frequency. 

frequency  signals,  is  much  less  than  2s. 

For  simplicity,  wind  has  been  excluded.  Wind  not  only  affects  the 
velocity  gradient  (the  component  in  the  direction  of  the  ray  is  added 
to  the  local  sound  speed  to  obtain  the  velocity  of  the  wavefront),  but 
also  changes  the  wave  equation  Itself.  Both  effects  need  investigation. 
However,  the  wind  velocity  seems  to  vary  quite  a  lot,  and  it  is  doubtful 
if  the  investigation  is  Justified  since  the  Inaccuracies  of  the  ray 
solution  ought  not  be  much  more  serious  than  the  inaccuracies  in  our 
knowledge  of  the  wind  field  in  space  and  time. 

In  conclusion,  the  limiting  wavelength  for  atmospheric  ray  acoustics, 
neglecting  wind,  is  normally  given  by  inequality  (8),  where  consideration 
of  the  change  in  temperature  gradient  must  also  be  made. 
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PROGRESS  IN  THE  CALCULATION  OP  THE  SOUND  FIELD 
IN  THE  ATMOSPHERIC  ACOUSTIC  DUCT 
by 

James  B.  Calvert 
Denver  Research  Institute 


INTRODUCTION: 

In  this  paper  I  wish  to  present  in  a  simple  way  the  basic 
ideas  which  are  now  guiding  our  work  at  Denver  on  the  subject 
expressed  in  the  title.  One  of  our  objectives  is  the  systematic 
construction  of  the  applied  physical  theory.  We  have  found  that 
there  is  a  wealth  of  information  in  seme  areas,  and  a  dearth  in 
others.  And.,  above  all*  there  is  much  that  la  as  yet  unas similar 
ted  or  uncorrelated.  Here  I  will  present  an  indication  of  the 
answers  to  two  of  the  questions  we  have  asked  ourselves.  To  de¬ 
velop  these  answers  fully  requires  only  the  expenditure  of  a 
little  more  time;  other  questions  remain  to  be  answered. 

The  first  section  discusses  the  nature  of  the  signal  generated 
by  a  supersonic  projectile,  a  source  relatively  neglected  compared 
with  the  more  common  explosion  and  supersonic-aircraft  sources,  in 
which  the  literature  is  extensive. 

In  the  last  section  the  propagation  of  sound  in  a  natural 
waveguide  is  discussed.  The  wave  approach  seems  to  offer  the  most 
satisfying  and  fruitful  analysis  of  long-range  propagation,  in 
which  infrasonic  frequencies  are  important. 

THE  ACOUSTIC  SIGNAL  OF  A  SUPERSONIC  PROJECTILE: 

Consider  an  axially  symmetric  body  moving  at  constant  super¬ 
sonic  speed  through  uniform  air.  Imagine  two  Mach  cones,  the  first 
with  its  apex  near  the  nose  of  the  body  and  the  second  with  its 
apex  near  the  rear.  So  long  as  the  medium  is  homogeneous,  the 
strongest  part  of  the  acoustic  signal  generated  will  lie  between 
these  cones.  The  principal  components  of  this  signal  are  the  bow 
shock  (which  lies  slightly  ahead  of  the  forward  Mach  cone)  and  the 
reccmpression  shock  (which  lies  near  the  rear  Mach  cone).  Between 
these  two  shocks  lie  a  number  of  weaker  shocks  arising  from  less 
violent  behavior  of  the  flow  about  the  projectile. 

The  general  pattern  of  the  flow  is  shown  in  Fig.  1(a).  6 , 
the  Mach  angle,  is  given  by  sin  0-M"1,  where  M  is  the  free- stream 
Mach  number.  In  Fig.  l(b)  we  see  the  general  form  of  the  pressure 
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(a)  M*ic  pattern  of 
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variation  in  passing  from  ahead,  of  the  how  shock  to  behind  the  re- 
compression  shock,  far  from  the  axis  (y/l  »l).  me  overpressure 
in  the  bow  shock  may  be  estimated  from  the  formula 


A»  (if-i)1/*  ( rV1' 

To - 2 -  VlV  Vfy  (1) 


where  pQ  is  the  free-stream  pressure  and  the  significance  of Ap, 
d,  y,  and  1  is  shown  in  Fig.  1.  For  a  discussion  of  axisynmatrlc 
supersonic  flow,  see  Llghthlll  (7)  • 


From  M  *1.4  to  M  -10  the  factor  (M^  -  &  varies  only  from  1.0 
to  1.8.  We  see  then  that  A p  depends  chiefly  on  the  fineness  ratio 
(d/l)  and  only  weakly  on  M.  Substituting  R-y  cose  in  (l)  and  ex¬ 
pressing  6  in  terms  of  M,  we  find  for  large  M: 

Ap  (d/l) 

••  ~^7Z  -  M 


For  R/l»l,  R  is  the  radius  of  curvature  of  a  locally  cylindrical 
shock  wave.  Let  us  compare  Eq.  (2)  for  Ap  with  the  Brlnkley-Kirk- 
wood  theory  of  shock  wave  propagation  (Brinkley  (3)).  Far  small 
Ap/p0  we  have  for  a  cylindrical  diock  wave: 


R*  Ap  -/.^(R^B*)]-*  ,  -  D  AaR*Ap  ,  ( 

where  A  and  B  are  constants,  7-  cp/c‘v ,  and  pQ  is  the  free-3tream 
pressure.  Here  D  is,  approximately,  the  energy  content  of  the 
shock  wave  and  is  given  by 


D  ■  RApu^v 

where  R*  radius  of  curvature  of  the  wave 
p  -  peak  overpressure 

u*>  particle  velqcity  just  behind  the  shock 
-  -  -( d  logA puR  ) 

H  \  dt  evaluated  at  the  shock 


00 


v  -•  a  factor  depending  on  the  chape  of  the  pressure-time 
curve  of  the  shock . 

Equations  (3)  hold  for  weak  shocks.  In  our  case  they  describe 
the  propagation  of  the  bow  shock,  which  is  considered  to  extend 
backward  as  far  as  the  point  at  which  the  overpressure  becomes 
zero* 
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J£cm  (3)  we  see  that  for  R»B,  Ap  falls  off  as  R-1;  c copare 
Ap*»  IT*  in  Eq.  (2).  Taking  the  approximate  values 


V~J 


where  1  is  the  length  of  the  projectile,  M  its  Mach  number,  and 
c  the  local  sound  speed,  we  may  evaluate  the  constants  A  and  B  in 
(3)  at  a  certain  value  of  R«R0,  where  R^>1,  Ap«p0«  We  find: 


where  apq  is  the  peak  overpressure  at  R  »K0. 

We  note  that  IWlrt  hence  the  energy  content  per  unit  area 
(intensity)  falls  off  as  if®'?  which  may  be  compared  to  I~R“X  for 
a  non-discontinuous  wave  without  absorption.  The  difference  is, 
of  course,  due  to  energy  dissipation  in  the  shock  front.  This 
effect  persists  even  for  infinitesimal Ap/p0.  If  we  should  take 
Ap^R’y4from  Eq.  (2)  instead  of  Ap—R"1  from  Eq.  ( 3)  >  we  find  that 
I^R®/4,  which  still  gives  an  excess  of  dissipation. 


Considering  that  the  above  analysis  gives  at  least  a  qualita¬ 
tive  account  of  the  shock  wave  acoustic  signal,  it  1b  evident  that 
the  acoustic  superposition  principle  is  invalid  so  long  as  a  sur¬ 
face  of  discontinuity  is  present  in  the  field.  In  particular,  the 
study  of  the  refraction  of  this  kind  of  signal  must  take  into  account 
the  discontinuity.  We  also  note  that  a  shock  wave  propagating  up¬ 
ward  in  the  atmosphere  tends  to  develop  a  more  pronounced  shock 
front.  The  increase  In  Ap  may  be  roughly  estimated  from  the 
relation: 


V 


=  constant  . 


(5) 


This  Increase  in  Ap  leads  to  a  greater  rate  of  energy  dissipation. 


Elementary  ray-tracing  may  describe  the  path  of  the  shock  quite 
well  so  long  as  the  ray  does  not  pass  through  any  "critical"  regions. 
One  of  these  critical  regions  is  that  in  which  the  signal  is  totally 
reflected;  others  are  regions  of  caustic  foci  (of  which  the  preced¬ 
ing  is  a  particular  case)  and  shadow  zones.  It  is  quite  possible 
that  enery  dissipation  is  excessive  near  caustic  foci,  and  that  the 
discontinuity  may  even  be  destroyed  on  passing  through  a  cuastic 
focus.  A  phenomenon  certainly  occuring  cm  reflection  is  the  trans- 
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fer  of  energy  to  a  wave  train  following  the  initial  pulse,  with  an 
accompanying  decrease  in  the  amplitude  of  the  initial  pulse.  This 
is  seen  on  examination  of  microbarograph  records  of  explosion  pulses 
returned  from  high  altitudes  (see,  for  example,  Cox  (h)). 

Thus  the  conditions  of  propagation  must  strongly  affect  the 
character  of  the  signal  observed  at  great  distances.  The  situa¬ 
tion  may  be  described  qualitatively  as  follows.  The  shocks  eman¬ 
ating  from  the  projectile  are  deflected  and  modified  by  the 
structure  of  the  surrounding  medium,  dissipating  a  great  deal  of 
energy  and  generating  a  train  of  n on-discontinuous  waves.  One 
frequency  that  may  be  favored  is  that  corresponding  to  a  wavelength 
of  approximately  l/M.  In  general,  the  resultant  frequency distri¬ 
bution  may,  to  a  greater  or  lesser  degree,  resemble  the  Fourier 
transform  of  the  initial  signal.  It  may  be  useful  to  note  that 
reflection  of  a  finite-amplitude  signal  of  angular  frequency  « 
is  accompanied  by  the  production  of  signals  of  frequency  2  « 

(Feng  (6)).  The  Mgher-fireqhehcy  components  will  be  filtered  out 
at  high  altitudes  by  gas-kinetic  absorption.  At  length  we  will 
be  concerned  with  the  propagation  Of  a  rather  complex  signal,  its 
frequency  spectrum  determined  Jointly  by  the  conditions  of  propa¬ 
gation  and  the  initial  signal  form. 

Ve  have  not  yet  mentioned  the  turbulent  wake  as  an  acoustic 
source.  It  will  radiate  a  random  signal,  corresponding  to  the 
randomness  of  the  turbulence,  with  an  intensity  well  below  that 
due  to  the  shock  waves.  It  is  probable  tlat  at  large  distances 
the  only  remnant  of  the  signal  will  lie  in  frequency  between 
v-  0.1  sec-1  andv»l,0  sue."  .  The  region  around  v«l  sec.-1  is 
characterized  by  molecular  absorption  due  to  Oxygen  (Arane  (l)). 

In  summary,  the  turbulent  wake  acts  as  a  random-phase,  cylindri- 
cally- symmetric  source,  its  frequency  spectrum  determined  by  that 
of  the  turbulence. 

SOUND  CHANNEL  PROPAGATION: 

It  is  well-known  that  the  sound  speed  minimum  in  the  terres¬ 
trial  atmosphere  which  usually  occurs  between  the  troposphere  and 
about  15  km.  above  gives  rise  to  waveguide  propagation  of  sound. 

In  the  ARDC  model  atmosphere  the  minimum  speed  is  about  300  m/ sec 
and  at  the  boundaries  of  the  channel  the  speed  is  3^0  m/sec.  These 
limits  correspond  to  the  trapping  of  rays  with  grazing  angles  of 
less  than 


<W  "  008-1  — - -  , 
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Where  it  is  important  to  knew  where  signals  frem  a  given  source 
may  arrive,  as  in  prediction  of  blast  damage  from  nuclear  explosions, 
ray- tracing  may  be  directly  applied  with  adequate  results.  When  de¬ 
tailed  information,  of  signal  intensity  and  character  is  needed,  very 
little  information  can  be  obtained  from  ray  pictures  in  many  cases* 
To  obtain  a  suitable  description  of  the  propagation  it  is  necessary 
to  base  the  analysis  direct!;,  on  the  fundamental  wave  properties  of 
the  acoustic  field.  A  first  step  is  the  derivation  of  corrections 
to  ray  analysis  that  allow,  for  example,  the  calculation  of  intensi¬ 
ties  near  caustic  foci.  Such  calculations  have  been  made  by  several 
authors  (e.g.,  Karsh  (8);  Haskell(9))* 

Two  of  the  more  important  characteristics  of  propagation,  at¬ 
tenuation  and  signal  character,  may  depend  sensitively  on  wavelike 
aspects  of  the  field.  For  example,  the  "lateral  waves"  affect  the 
attenuation,  and  dispersion  effects  the  3igr.al  character  (these 
terms  will  be  explained  below).  Wave  properties  seem  particularly 
important  at  large  ranges. 

The  emphasis  in  tee  study  of  "waves  in  layered  media"  has  been 
on  the  propagation,  of  sound  in  the  sea,  and  the  propagation  of  elec¬ 
tromagnetic  waves  in  the  atmosphere.  The  general  theory,  however, 

(as  presented  in  Waves  la  Layered  Media  by  Brekhovskikh  (2))  is 
equally  applicable  tc  abnespner ic  sound  propagation. 

To  illustrate  the  basic  properties  of  waveguide  propagation,  it 
is  convenient  tc  consider  a  very  simple  waveguide  mode:  a  uniform 
medium  bounded  above  and  below  by  perfectly  reflecting  surfaces*  To 
make  the  reflection  correspond  to  total  internal  reflection,  let  the 
reflection  coefficient  V  =  -1  at  each  surface.  Assuming  the  super¬ 
position  principle,  we  may  courier -anaj.y2,e  the  signal  and  henceforth 
work  with  harmonic  wares.  Tice  wave-equation  system  is 


V  8  #  ♦  ka  y  =  0,  »  C  at  Z  =  0,  Z 


where  is  the  acoust 
the  real  part,  and.  'rr 
where  c  is  the  sound 
the  lower  surface. 


i.<  potential  (p,  "v,  and  ^  vary  as  e“iwfc,  taking 
•  V  P  -•  i vftfl/) .  The  wave  number  k=^L. 

-peed.  The  z-axis  is  vertical;  the  origin  is"on 


Separation  in  reetarg; lur  coordinates  yields  the  usual  plane 
waves,  standing  in  the  r. -direction  and  travelling  horizontally;  separ¬ 
ation  in  cylindrical  c  cordis -me  s  (convenient  for  treating  localized, 
sources)  gives 


life  (*) 

> 1/  =  sin  H  r.rl;  i 
n  c  i 
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where  Ho^is  the  zero-order  Hankel  function  of  the  first  kind,  which 
describes  an  outgoing  cylindrical  wave.  For  1  >kh/«  ,  the  waves  are 
not  travelling,  but  are  exponentially  damped.  These  "inhomogeneous" 
waves  are  necessary  for  satisfying  boundary  conditions  at  the  source; 
for  large  1  their  attentuation  coefficient  is  about  1*  /h,  and  so  they 
may  be  neglected  when  the  radial  distance  is  a  few  duct  widths. 

Each  value  of  1  gives  a  "normal  mode"  of  wave  propagation  in  the 
duct.  The  number  of  travelling  modes  is  about  equal  to  the  width  of 
the  duct  in  half -wavelengths: 


N  =  h/ (V2  ) 

For  higher  frequencies  N  is  large.  For  example,  at  v*l  cps,  Ns  200 
in  the  atmospheric  duct  (i.e.,  assuming  that  all  rays  are  trapped; 
see  below).  As  an  illustrative  exercise,  let  us  estimate  the  accuracy 

with,  which  the-  "path"  of  &  signal  is  described  by  a  ray.  For  large  r , 
the  normal  modes  are  asymptotically 


jL  P  (V  *  ¥  '  ¥■  > '  o1  <V  •  if-  • 

which  is  a  superposition  of  waves  corresponding  to  a  symmetrical 
pair  of  rays  drawn  at  grazing  angles  of 


a  ■  ±  sin"1.. ■  ±  sin"1  (  1 J 

kh  V  n  / 

The  complete  mode  spectrua  allows  rays  at  only  a  finite  number  of 
angles.  This  signifies  that  the  path  cannot  be  localized  except 
with  an  uncertainty  of 


A  cos  a 

vh/ 

in  angle.  This  is  a  characteristic  feature  of  wave  motion.  Compare 
the  analogous  concept  of  trajectory  in  quantum  mechanic"  with  the 
above.  From  the  correspondence  between  the  ray  and  wave  pictures, 
we  see  at  once  that  in  an  atmospheric  duct  we  will  not  have  as  many 
normal  modes  as  in  a  perfect  channel.  Indeed,  for O <20°,  the  number 
of  normal  modes  will  be  approximately  N/3;  for v  »  1  cps,  then,  the 
number  of  trapped  modes  will  be  about  70. 

From  the  angular  uncertainty  in  ray  direction,  we  may  calculate 
the  distance  R  at  which  the  linear  uncertainty  is  equal  to  the  width 
of  the  duct.  We  have 

RAb  *  h,  A  a  fha 


19 


whence  R •  hN.  For  h  =  15  km,,  the  following  tabulation  gives  R/10 
for  several  frequencies: 


V,  epo 

R/l0,km 

3 

1000 

1 

300 

0.3 

100 

0.1 

30 

0.03 

10 

0.01 

3 

At  ranges  of  about,  3000  km  (/n>2000  mi)  we  might  expect  the  ray  pic¬ 
ture  to  be  of  dubious  utility  at  1  cps,  even  assuming  that  the  fom 
of  the  duct  is  perfectly  known.  The  accuracies  listed  above  are, 
of  course,  may i mum  possible  accuracies. 

More  realistic  sound  channels  may  be  investigated  by  the 
general  theory,  although  with  a  good  deal  of  nathematical  com¬ 
plexity.  Analytic  methods  are  definitely  preferable  to  numerical 
methods,  since  the  analytic  insight  allows  flexibility  of  ap¬ 
plication  to  actual  conditions.  Numerical  methods  may,  however, 
guide  the  choice  of  an  appropriate  analytic  model,  and  may  be 
employed  for  routine  calculation.  At  the  University  of  Denver 
we  will  use  numeric  methods  in  applying  the  general  theory  to 
its  atmospheric  applications  to  these  ends. 

Id  a  realistic  model,  the  mode  amplitudes  are  similar  to  those 
in  a  simple  model,  but  behave  somewhat  as  shewn  in  Fig,  2.  As  long 
as  the  channel  is  horizontally  uniform  the  radial  factors  are  un¬ 
changed.  In  addition  to  the  normal  modes,  the  lateral  waves  play 
an  important  role.  Lateral  waves  are  associated  with  the  channel¬ 
ing  of  energy,  and  are  analogous  to  the  standing  waves  established 
on  total  internal  reflection  at  a  plane  interface.  Lateral  waves 
are  fed  by  the  normal  modes  and  extend  past  the  geometric  edges 
of  the  channel. 

The  attenuation  of  the  signal  as  measured  will  he  anomalously 
high  compared  to  that  calculated  from  the  normal  modes  alone;  the 
difference  is  the  energy  absorbed  from  the  lateral  waves.  Since 
the  region  above  the  duct  is  characterized  by  high  gas-kinetic  ab¬ 
sorption  (which  is  due  to  the  finite  mean  free  path)  attenuation 
in  the  lateral  waves  will  be  important  for  the  higher  frequencies 
and  for  the  higher  normal  modes. 

Without  attenuation,  the  intensity  of  the  normal  modes  decays 
as  r“l  (and  intensity  in  the  lateral  waves  as  r"2),  At  moderate 
ranges,  absorption  in  the  lateral  waves  leads  to  a  r "3/2  &ecay  of 
the  normal  modes.  At  greater  ranges,  the  attenuation  becomes 
exponential. 
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An  Interesting  effect  related  to  the  penetration  of  the 
acoustic  field  beyond  the  geometric  channel  is  an  effect  analogous 
to  qpantum-mechanical  tunneling  •  Above  the  speed  maximum  forming 
the  top  of  the  channel  the  speed  drops  rapidly  to  the  relatively 
low  value  of  about  260  m/sec.  Channeled  vaves  could  also  propagate 
here,  but  they  are  separated  from  the  upper  minimum  by  a  forbidden 
band  of  high  velocity.  In  the  wave  picture,  each  normal  mode  has 
a  finite  amplitude  in  the  upper  channel— the  energy  "tunnels"  be¬ 
neath  the  high-velocity  barrier  into  this  region.  At  these  high 
altitudes  (on  the  order  of  90  km)  the  attenuation  is  high  even  for 
frequencies  as  low  as  1  cps.  The  tunneling,  therefore,  represents 
a  constant  drain  on  the  energy  in  the  lover  channel.  If  a  mode 
should  resonate  with  the  upper  channel,  i.e.,  have  a  reasonable 
amplitude  there,  it  will  be  rapidly  attenuated.  The  higher  modes 
are  particularly  susceptible  to  tunneling. 

Dispersion  is  another  evidence  of  the  wave  character  of  the 
field;  in  general  the  phase  velocity  depends  on  the  frequency  for 
each  normal  mode.  The  group  velocity,  which  differs  from  the  phase 
velocity  by  a  term  depending  on  this  variation,  is  Important  in  the 
study  of  the  signal  form.  In  dispersive  propagation  the  relative 
phase  of  the  frequency  components  of  the  signal  is  continually 
changing,  resulting  in  radical  alterations  of  form.  In  addition, 
the  different  modes  are  characterized  by  different  velocities.  The 
appearance  of  signals  that  have  propagated  over  a  great  distance  is 
as  characteristic  of  the  dispersion  as  it  is  of  the  initial  signal. 

We  conclude  that  the  study  of  acoustic  sources  and  their  sig¬ 
nals  must  be  concerned  with  the  conditions  of  propagation  as  well 
as  with  the  source  itself,  and  that  the  basis  of  the  propagation 
study  should  be  the  explicit  wave  character  of  the  field,  especially 
for  great  distances. 
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INTRODUCTION 

The  sonic  boom  has  become  one  of  the  important  operating  problems 
associated  with  flight  at  supersonic  speeds.  At  present,  the  sonic  boom 
is  associated  only  with  the  operation  of  high  speed  military  aircraft, 
but  the  problem  will  certainly  carry  over  to  the  future  operation  of 
supersonic  transports.  In  fact,  the  sonic  boom  is  considered  to  be  one 
of  the  most  serious  problems  connected  with  the  transport  development 
program.  Accordingly,  the  sonic  boom  has  conituned  to  be  the  subject 
of  intensive  theoretical  and  experimental  investigation. 

There  are  two  quantities  associated  with  the  boom  which  are  of 
particular  interest  in  aircraft  operations:  The  strength  and  the  location, 
the  ground,  ■■©£-  the  ahock  vraveir emanating  frcmrlflKr  NlrcrsTt.  “These 
two  quantities  depend  upon  a  wide  variety  of  variables,  some  of  which 
are  shown  in  Figure  1.  The  various  factors  listed  there  under  Aircraft 
Design  and  Atmospheric  Conditions  have  been  treated  theoretically  in  a 
considerable  number  of  papers,  references  1-16.  Many  wind-tunnel  tests 
and  flight  tests  have  been  performed  in  an  attempt  to  assess  the  validity 
of  these  theories  for  aircraft  operating  at  constant  altitudes  and 
constant  Mach  numbers ,  references  17 -2k. 

The  present  paper  will  be  concerned  mainly  with  the  factor  listed 
under  Aircraft  Operations  called  "Flight  Maneuvers".  Any  rapid  deviations 
of  the  aircraft  from  constant  altitude  and  constant  speed  flight  can  pro¬ 
duce  considerable  modifications  in  the  location  and  the  strength  of  the 
ground  shock-wave  pattern.  Military  aircraft  performing  simple  maneuvers 
in  the  course  of  routine  flights  have,  on  several  past  occasions,  produced 
some  rather  unusual  sonic  boom  patterns;  at  least  this  is  strongly  implied 
by  the  distribution  of  complaints  received  after  the  flights.  Since 
maneuvers  such  as  turns,  climbs,  and  dives  are  a  normal  part  of  routine 
aircraft  operations,  some  means  for  estimating  the  effects  of  maneuvers 
on  the  sonic  boom  is  necessary. 

The  Nature  of  the  Sonic  Boom  for  Uniform  Flight - 

Before  introducing  the  complications  of  the  sonic  boom  which  can  result 
from  maneuvers  consider  briefly  the  nature  of  the  sonic  boom  for  level, 
constant -speed  flight,  see  Figure  2.  This  figure  shows  several  shock 
fronts  and  ray  paths  as  they  would  appear  in  an  atmosphere  in  which 
the  speed  of  sound  decreases  linearly  with  altitude.  The  shock  fronts  are, 
of  course,  responsible  for  the  boom;  whereas  the  rays  are  the  paths  along 
which  the  shock  travels  from  its  origin  on  the  flight  path  to  the  ground 
are  shown.  Both  the  shock  fronts  and  the  rays  sure  arcs  of  circles.  These 
two  families  of  curves  intersect  one  another  at  right  angles. 

The  curvature  of  the  shock  fronts  and  ray  paths  is  a  direct  result 
of  the  refracting  effect  of  the  inhomogeneous  atmosphere.  In  a  homogeneous 
atmosphere  the  shocks  ana  the  rays  would  each  be  straight  lines;  in  three 
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1-4  Figure  1.-  Factors  affecting  the  sonic  booc. 
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dimensions  the  complete  shock  front  would  be  the  familiar  Mach  cone. 

The  exact  size  and  shape  of  the  circular  ray  paths  Is  determined  by  the 
aircraft  altitude  and  velocity  and  the  gradient  In  the  speed  of  sound. 

Under  the  appropriate  conditions  the  rays  can  be  refracted  to  the  extent 
they  do  not  reach  the  ground. 

Note  that  the  two  shock  fronts  are  not  the  sane  shock  traveling 
parallel  to  the  ground;  only  that  portion  of  the  shock  between  the  two 
rays  Is  common  to  both  fronts.  The  N- shaped  pressure  pulse  characteristic 
of  the  sonic  boom  requires  a  second  "tall"  shock  Immediately  behind  the 
aircraft  In  addition  to  the  single  "bow"  shock  shown  In  the  figure, 
for  the  sake  of  simplicity,  however,  In  what  follows  any  single  shock 
front  should  always  be  Interpreted  as  a  complete  sonic  boom. 

The  Effects  of  Maneuvers - 

Theoretical  studies  of  this  effect  of  maneuvers  on  the  location 
and  strength  of  sonic  booms  have  been  carried  out  from  the  standpoint 
of  geometrical  acoustics  In  a  homogeneous  atmosphere  by  a  number  of 
Investigators.  The  problem  of  determining  the  shape  and  extent  of  the 
shock  wave  originating  from  a  sound  source  traveling  at  supersonic 
speeds  In  non-uniform  motion  has  been  treated  for  example,  by  Prandtl, 
and  Lllley  and  Struble  and  their  collaborators,  references  25-28.  The 
problem  of  predicting  the  variations  in  the  strength  of  the  shock  which 
are  induced  by  maneuvers  has  been  treated  by  Rao,  reference  29,  Randall, 
reference  Ik,  and  Struble,  etal,  reference  28. 

Only  a  meager  amount  of  experimental  evidence  relating  to  the  effect 
of  maneuvers  on  the  shock  pressures  is  available.  Some  rocket  sled  tests 
carried  out  In  this  country  by  the  Armour  Research  Foundation  and  several 
flights  of  a  flighter  aircraft  in  England  afford  some  qualltitive  support 
to  the  existing  theories,  but  the  results  are  insufficient  for  drawing 
any  general  conclusions,  references  30  and  31. 

In  order  to  help  fulfill  this  need  for  experimental  data  a  flight 
test  program  Is  being  planned  for  the  purpose  of  measuring  the  ground 
shock  wave  pressures  of  aircraft  executing  predetermined  flight  maneuvers 
similar  to  those  encountered  In  actual  military  and  civilian  aircraft 
operations. 

Purpose  of  this  paper- 

The  present  paper  is  a  smeary  of  one  aspect  of  the  theoretical 
studies  being  carried  out  in  connection  with  this  program.  The  objective 
of  these  studies  is  to  determine,  for  the  purpose  of  locating  pressure 
measuring  devices,  the  ground  areas  over  which  Intensified  shock  pressures 
are  likely  to  occur.  The  analytical  work  is  based  upon  the  acoustic 
theory  of  the  propagation  of  sound  in  an  inhomogeneous  atmosphere.  For 
the  purpose  of  the  calculations  presented  in  this  paper  the  speed  of 
sound  Is  assumed  to  decrease  linearly  with  altitude  at  a  rate  of  .0040  ft/sec 
per  foot.  This  type  of  variation  agrees  substantially  with  measured  data 
and  is  a  useful  assumption  up  to  altitudes  between  35 >000  or  40,000  feet. 


27 


In  the  course  of  the  Investigation  It  v&s  found  that  the  classical 
equations  which  govern  tht  acoustic  approximation  of  the  shock-wave  shape 
could  be  put  into  a  form  which  does  not  seem  to  be  available  in  the  litera¬ 
ture  and  which  is  very  convenient  for  machine  computation.  Using  this  form 
of  the  equations  it  has  been  possible  to  obtain  the  ground  shock-wave  patterns 
for  a  much  wider  variety  of  flight  maneuvers  than  can  be  readily  handled 
by  graphical  procedures.  It  is  hoped  that  these  equations  aright  prove 
useful  to  others  concerned  with  the  sonic  boom  problem. 

Analysis 

The  basic  equations  which  theoretically  govern  the  shape  and  extent 
of  the  shock  wave  of  a  supersonic  aircraft  in  arbitrary  motion  are  the 
following: 

(x  -  Xo)2  +  (y  -  Vo)2  +  (z  -  z0  +  A)2  =  R2  (1) 

h i  -  *  (y  ■?- +  U  -  so  *  aK*o  -  a)  «  -hr  (2) 

•  «  e 

in  which  Xo,  yOJ  zQ  and  Xo,  y0,  zQ  denote  the  position  and  velocity  of  the 
aircraft  along  the  flight  path,  and  A  and  R  are  functions  depending  upon 
the  inhomogeneous  atmosphere  assumed.  If  the  speed  of  sound  a  decreases 
linearly  with  altitude  according  to  the  relation  a  ■  ag  -  mz  it  can  be 
shown  that : 

A  =  |cosh  m  (t  -  t  )  -  lj  A  =  -Sq  sinh  m  (t  -  T  ) 

R  *  60  sinh  m  (t  -  t  )  R  »  -ag  cosh  m  (t-  T  ) 

St- 

where  aQ  =  ag  -  mzo,  ag  is  the  speed  of  sound  at  the  ground,  and  t  is  the 
time  at  which  the  shape  of  the  shock-wave  is  to  be  obtained.  The  parameter 
t,  which  represents  an  arbitrary  previous  time  at  which  the  aircraft 
position  and  velocity  were  x^t),  y0(T),  z0(t)  and  Xq(t),  y0(r),  zq(t) 
respectively,  accounts  for  the  past  history  of  the  aircraft  along  the 
flight  path,  see  reference  lU. 

The  first  equation  describes  the  shape  of  a  single  wave  front 
expanding  about  an  arbitrary  point  (xq,  yQ,  z0)  of  the  flight  path. 

The  second  equation,  considered  simultaneously  with  the  first,  constitutes 
the  condition  that  these  wave  fronts  form  an  envelope.  Within  the 
approximations  of  acoustic  theory  this  envelope  represents  the  shock 
wave  of  the  aircraft.  Figure  3  illustrates  an  aircraft  in  level  constant 
speed  flight  in  a  homogeneous  atmosphere,  m  ■  0.  In  this  case,  the 
wave  fronts  are  circles  with  centers  on  the  flight  path  and  the  envelope 
is  the  familiar  Mach  cone. 

These  two  equations  can  be  solved  so  as  to  obtain  the  three 
dimensional  shape  of  the  shock  wave,  the  ground  shock  wave  pattern,  and 
a  vertical  cross  section  of  the  wave  explicitly  in  terms  of  the 
aircraft  position  and  velocity  along  the  f  11  gnu  path.  The  manner  in 
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1-4  Figure  3*-  The  Kach  cone  for  leyel  flight 


which  this  is  accomplished  for  the  ground  pattern  Is  briefly  as  follows: 
Introduce  a  "spherical"  coordinate  system  R,8  ,  ^defined  by 
x  -  Xq  ■  R  cos  t//  cos  8 

y  -  yQ  *  R  cos  if/  sin  0  (3) 

z  -  A  «  R  sin  f 

Substituting  equations  (3)  into  equations  (l)  and  (2)  it  is  seen  that 
equation  (l)  is  identically  satisfied  and  equation  (2)  becomes 

xq  cos  f  cos  0  +  yo  cos  ^  sin  0  +  (z0  -  A)  sin  ^  *  -ft  (4) 

Since  z  ■  0  on  the  ground  ve  have 


Substituting  these  relations  into  equation  (k)  and  solving  for  6  ve 
obtain 


which,  with  equation  (3)  gives  the  desired  equations  for  the  ground 
pattern. 


where 

vf 


.2  .2 

xo  +  yo 


and 


D  »  ZqA  +  agR 
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This  form  of  the  solution  is  very  convenient  for  machine  computation. 

One  obtains,  fxom  each  point  of  the  flight  path,  two  points  on  the  ground 
shock  wave  pattern.  The  ground  pattern  can  be  traced  out  if  the  position 
and  velocity  of  the  aircraft  are  known  at  a  sufficient  number  of  time 
intervals.  From  these  equations  the  ground  patterns  for  various  typical 
flight  maneuvers  have  been  obtained.  Some  of  these  results  are  shown  in 
Figures  4-9. 


Applications  and  Discussion 

Some  Details  of  a  Typical  Ground  Pattern;  Focal  Points  and  Cusps 

First  of  all,  it  is  helpful  to  consider  in  detail  the  sort  of  effects 
which  maneuvers  may  have  upon  a  typical  ground  pattern.  Figure  4  shows, 
in  plan  view,  the  shock  front  on  the  ground  produced  by  a  side-slip  type 
of  maneuver  at  constant  altitude.  The  flight  path,  being  viewed  from  above, 
lies  in  a  plane  at  30.000  feet  altitude.  The  velocity  component  parallel 
to  the  two  straight  portions  of  the  path  is  held  constant,  and  corresponds 
to  a  Mach  number  of  1.3.  The  maneuver  between  *  aM  ir  displaces  the  air¬ 
craft  laterally  a  distance  of  3  miles  as  the  aircraft  travels  forward  a 
distance  of  14  miles.  As  a  result  of  the  lateral  velocity  the  Mach  number 
at  the  middle  of  the  maneuver  has  increased  slightly  to  1.35. 

The  lines  connecting  the  flight  path  to  the  shock  front  indicate 
the  vertical  planes  of  the  rays  along  which  the  shock  waves  from  various 
points  of  the  flight  path  travel  in  order  to  reach  the  ground.  The  air¬ 
craft  is  in  the  indicated  position  at  the  time  the  shock  front  is 
formed.  The  points  along  the  flight  path  from  which  the  rays  emerge  are 
taken  at  equal  intervals  of  time.  Since  the  Mach  number  of  the  aircraft 
changes  only  slightly  along  the  flight  path  the  distance  between  con¬ 
secutive  points  is  nearly  the  same  and  about  the  same  amount  of  energy 
travels  between  any  pair  of  consecutive  rays.  Any  focusing  of  the  rays 
implies  a  focusing  of  the  energy  being  transmitted  along  them. 

This  figure  clearly  illustrates  two  different  effects  which  flight 
path  curvature  may  have  upon  the  distribution  of  sonic  booms.  First, 
point  S  is  a  focal  point  of  the  shock  wave.  The  shock  waves  originating 
between  points  D  and  E  and  traveling  downward  to  the  left  of  the  flight 
path  converge  in  the  neighborhood  of  S.  The  shocks  originating  near  D 
are  weaker  than  those  originating  near  E  since  they  have  traveled  a 
greater  distance.  However,  the  effect  of  focusing  the  shocks  and  energy 
originating  over  a  considerable  portion  of  the  flight  path  in  such  a 
concentrated  area  will  lead  to  increased  pressures.  Second,  note  the 
cusp  in  the  shock  at  S’  which  is  formed  as  the  shock  is  folded  back  upon 
itself.  Two  shocks  of  approximately  equal  intensity  follow  one  another 
very  closely  in  the  neighborhood  of  such  a  cusp  and  coalesce  at  the  cusp. 
The  shorter  branch  of  the  cusp  shown  here  is  about  5  miles  long,  the 
distance  between  the  two  branches  is  at  most  1  mile.  The  energy 
originating  between  points  B  and  C  of  the  flight  path  which  would  be  spread 
over  a  considerable  area  for  level  uniform  flight  is  now  concentrated  in 
two  shocks  near  the  tip  of  the  cusp.  At  the  present  time  it  is  not  certain 
whether  the  two  shock  waves  in  such  a  long  and  norrow  cusp  will  remain 


31 


V) 


3Z 


Figure  •  ~  Ground  shock  wave  showing  fonnaition  of  cusps  and  foci. 
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distinct  so  as  to  give  rise  to  multiple  sonic  booms  or  whether  they  will 
coalesce  near  the  cusp  so  as  to  form  a  single  intensified  shock. 

Thus  the  convergence  of  the  rays  in  the  neighborhood  of  focal  points 
and  the  overlapping  of  the  rays  which  leads  to  cusps  gives  a  qualitative 
indication  of  the  relative  energy  concentration  and  shock  pressures 
along  the  ground  pattern,  but  16  Insufficient  in  itself  for  predicting 
the  magnitudes  of  the  pressures.  In  fact,  linear  theory  estimates  of  the 
pressures  based  upon  the  convergence  of  the  rays  predicts  infinite  nressures 
at  cusps  and  focal  points.  Indeed,  both  the  location  and  the  strength  of. 
the  shock  waves  in  the  vicinity  of  cusps  and  focal  points  will  be  determined 
in  a  large  degree  by  the  complicated  nonlinear  mechanisms  of  shock 
propagation.  Since  the  operation  of  these  mechanisms  on  a  large  scale  in 
the  presence  of  a  nonuniform  medium  is  not  well  understood  no  attempt  has 
been  made  here  to  include  these  effects  In  the  results. 

Horizontal  Maneuvers - 

Figure  5  shows  several  ground  shock  wave  patterns  for  the  same  maneuver 
shown  in  Figure  k.  The  numbers  in  the  figure  relate  the  aircraft  position 
to  the  corresponding  ground  pattern.  It  will  be  recalled  that  the  rays 
and,  therefore,  the  shock  waves,  originating  between  points  B  and  C  of  the 
flight  path  overlap.  This  leads  to  two  cusps  on  the  right  side  of  the 
flight  path.  The  waves  originating  between  D  and  E  of  the  flight  path 
are  focused  in  the  neighborhood  of  point  S  on  the  left  side  of  the  flight 
track.  The  shaded  area  around  S  indicates  a  region  in  which  the  shock 
waves  are  highly  concentrated  and  will  produce  a  more  intense  boom. 

Figures  6  and  7  show  several  ground  patterns  for  a  horizontal 
elliptical  turn.  Again  the  view  is  from  above  the  flight  path,  which 
also  lies  at  an  altitude  of  30,000  feet.  The  Mach  number  along  the  path 
is  held  constant  at  i.ji.  In  Figure  6  the  segment  AC  of  the  flight  path  is 
a  quadrant  of  an  ellipse  whose  center  lies  at  D.  The  distance  CD  is 
about  8.8  miles,  and  AT  is  about  17.6  miles.  The  shoe K  waves  originating 
between  points  B  and  C  and  travelling  toward  the  inside  of  the  flight  path 
are  focused  in  the  neighborhood  of  point  S,  The  cusp  which  is  formed 
spreads  over  the  ground  toward  the  lower  left.  Figure  7  shows  several 
ground  patterns  for  the  same  path  as  in  Figure  6  but  with  the  aircraft 
flying  in  the  reverse  direction.  This  path  does  not  create  a  focal  point 
as  in  the  previous  case  However,  the  shock  begins  to  fold  over  itself 
in  the  vicinity  of  A.  This  "knot"  in  the  shock  develops  into  a  pair  of 
cusps  which  spread  along  the  ground  directly  beneath  the  flight  track. 

These  two  figures  indicate  how  a  change  in  the  direction  of  motion  of  the 
aircraft  along  a  given  path  can  alter  the  ground  shock  wave .  The 
differences  are  associated  with  the  different  rates  of  change  of  the 
normal  acceleration  along  the  two  paths. 

Vertical  Maneuver - 

If  the  aircraft  move.,  in  a  fixed  vertical  plane,  as  in  a  climb  or 
dive,  the  ground  pattern  will  be  symmetric  with  respect  to  the  flight 
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track.  In  this  case  a  vertical  cross  section  of  the  shock  wave  in  the 
plane  of  the  flight  path  also  shows  some  Interesting  features  and  is 
helpful  in  interpreting  the  ground  pattern. 

Figure  8  shows  a  vertical  cross  section  of  the  shock  wave  produced 
by  an  aircraft  in  a  dive.  The  dive  which  can  be  described  by  one-half  of 
a  sine  wave  begins  at  point  A  at  40,000  feet  and  M  =  1.2,  and  temlnates 
at  point  C  at  20,000  feet  and  M  =  1.6.  Prior  to  and  subsequent  to  the 
dive  the  aircraft  i6  assumed  to  be  in  level  constant  speed  flight.  The 
distance  from  A  to  C  along  the  ground  is  about  15  miles  so  that  the  maximum 
dive  angle,  greatly  exaggerated  in  the  figure,  is  about  21  degrees.  The 
rays  emanating  from  points  of  the  flight  path  between  A  and  B  intersect 
that  the  shock  is  folded  back  upon  itself  as  it  propagates  toward  the 
ground.  Belov  the  intersection  of  these  two  rays  the  shock  consists  of 
three  branches  which  join  together  to  form  two  cusps.  The  lowest  shock 
of  this  group,  having  originated  along  the  level  portion  of  the  flight 
path  proceeding  the  dive,  is  much  weaker  than  the  other  two  shocks  since 
it  has  traveled  a  greater  distance.  However,  two  shocks  of  nearly  equal 
intensity  coalesce  at  each  cusp.  Intensified  shock  pressures  are 
expected  vhere  these  cusps  hit  the  ground.  Three  separate  rays  meet  at 
every  point  within  the  hatched  area  at  the  right  of  the  figure:  one 
originating  from  the  level  flight  path  proceeding  the  dive,  one  originating 
from  the  path  between  A  and  B,  and  another  from  the  flight  path  beyond 
point  B.  Hence,  three  separate  shock  waves  strike  each  point  of  the  ground 
along  this  area.  Multiple  sonic  booms  would  be  expected  in  this  region 
which  is  about  8  miles  long. 

Figure  9  shows  a  three  dimensional  view  of  both  the  vertical  cross 
section  and  the  ground  pattern  for  the  dive  of  Figure  8.  The  ground 
pattern  is  symmetric  with  respect  to  the  flight  path  so  that  only  the  part 
on  the  right  side  of  the  flight  track  is  shown.  The  three  shocks  which 
are  developed  in  the  vertical  plane  spread  laterally  about  6  miles  and 
result  in  multiple  booms  over  an  appreciable  ground  area.  As  the  aircraft 
proceeds  along  the  low-altitude  level  portion  of  the  flight  path  the 
complicated  shock  pattern  produced  by  dive  hits  the  ground  and  vanishes. 

The  ground  shock  is  left  with  a  fold  which  gradually  unravels  as  the 
aircraft  continues  so  that  the  end  result  is  the  familiar  hyperbolic 
shaped  ground  shock. 

Acceleration  along  a  straight  and  level  flight  path,  as  well  as  flight 
path  curvature,  can  cause  the  rays  to  overlap.  An  aircraft  in  level  flight 
which  accelerates  through  Mach  number  one  creates  a  single  cusp  in  the 
vertical  plane.  The  two  booms  which  result  from  this  type  of  shock  front 
have  been  observed  by  British  investigators  in  the  flight  tests  mentioned 
previously. 


Concluding  Remarks 

In  conclusion,  an  analytical  technique  has  been  presented  for  obtaining 
some  Indication  of  the  ground  areas  likely  to  experience  intensified 
pressures  or  multiple  booms  as  a  result  of  flight  maneuvers  and  the  results 
of  some  applications  have  been  discussed.  It  has  been  shown  that  intensified 
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shock  pressures  Mgr  occur  over  Halted  areas  at  sow  distance  from  the 
flight  path.  The  wthod  for  locating  these  regions  has  been  prograawd 
for  the  UK  6$0  electrode  computer  and  Is  available  for  application  to 
any  specific  wneuver.  It  Is  hoped  that  flight  test  wasurewnts  will 
provide  a  wans  for  establishing  correlation  between  experlwnt  and 
theory  and  will  present  sew  Indication  of  the  ground  pressures. 
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A  NOMOGRAM  TOR  CALCULAUNQ  THE  OVERPRESSURE 
FROM  THE  EBTONATION  OF  SMALL-YIELD  HIGH  EXPLOSIVES* 
Jack  D.  Fletcher 

University  of  California  Lawrence  Radiation  Laboratory 
Livermore,  California 


For  the  past  six  yeans  the  University  of  California  Lawrence  Radiation 
Laboratory  has  boon  engaged  in  experimental  work  which  results  in  sound  pro¬ 
pagation.  It  is  not  concerned.,  primarily,  with  the  long-range  propagation 
of  sound  although  some  of  the  explosions  have  probably  been  heard  at  very 
long  ranges.  The  Laboratory  is,  instead,  concerned  with  what  might  be  called 
micro-range  sound  propagation. 

At  a  alto  about  twenty  miles  from  the  Livermore  Laboratory  and  About 
seven  miles  from  a  small  agricultural  community,  high  explosives  are  shot 
dally.  The  yields  of  these  shots  range  from  a  few  grams  to  several  hundred 
pounds.  Our  problem  in  the  weather  group  is  to  predict  the  yield  in 
equivalent  pounds  of  TNT  that  might  be  detonated,  without  disturt>lag  residents 
of  the  surrounding  communities.  This  very  briefly  outlines  our  basic  con¬ 
cern  in  the  field  of  sound  propagation  at  LKL. 

Our  other  problem  is  to  continue  to  develop  a  more-or-less  objective 
technique  with  which  any  one  of  several  people  working  In  the  group  might 
come  up  with  essentially  the  same  yield  that  might  be  detonated  on  any 
given  day  under  the  prevailing  mieramsteorologieal  conditions. 

The  ncanogrsm  that  is  described  is  one  of  the  objective  techniques  that 
allows  us  to  issue  proscribed  weight  limits. 

The  nomogram  wan  developed  to  facilitate  the  analysis  of  the  sound  pro¬ 
pagation  properties  of  a  given  atmosphere.  It  produces  answers  that  might 
also  be  attained  by  a  hand  calculation  or  by  electronic  computer  if  one  is 
available.  If  the  micrcmeteorologic  situation  is  one  in  which  the  sound 
velocity  in  the  direction  of  interest  decreases  linearly  with  height  from 
the  surface  to  any  given  altitude  between  1000  feet  to  10,000  feet  and  then 
increases  with  height  to  another  altitude,  the  nomogram  may  be  used.  The 
nomogram,  bf-aed  on  classical  theory  by  Cox  et  al,1  predicts  the  distance  of 
the  inner  bo»a*jfttcy  of  the  first  noise  zone.  This  is  important  since  starting 
rays  with  equal  amounts  of  energy  will  tend  to  concentrate  or  converge  near 
the  inner  boundary  of  this  first  noise  zone  at  a  theoretical  point  of  in¬ 
finite  intensity.*-  But  since  Infinite  pressure  from  a  shot  is  unrealistic, 
we  have  arbitrarily  taken  the  calculated  pressure  at  .2  of  a  mile  from  the 
theoretical  infinity  for  use  in  the  prediction  of  overpressure  from  the 
nomogram.  It  should  also  be  stated  that  the  predicted  overpressures  are  those 
that  would  be  expected  from  a  10-pound  yield  of  TNT  high  explosive. 

Figure  1  shews  a  V-H  profile  presented  by  points  ABG.  If  this  were  an 
actual  V-H  profile  drawn  from  the  latest  micrometeorologlcal  data,  the 
nomogram  would  predict  2£5>4rb  at  a  distance  lk.4  miles.  If  the  end  point 
on  the  V-H  profile  was  at  point  D,  the  proper  analysis  of  the  V-H  profile 

*Vork  was  performed  under  auspices  of  the  U.  S.  Atomic  Energy  Commission. 
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■faoul&  also  predict  225  M't  a*  a  distance  of  14.4  mi.  The  calculated  pres¬ 
sure  for  any  «3d  point  between  points  DfiiF  will  produce  pressures  higher  then 
225^  b.  if,  however,  the  end  point  on  an  actual  V-H  profile  in.  which  the 
sound  velocity  started  to  increase  at  4000  feet  was  at  point  C,  the  pressure 
would  be  less  end  distance  somewhat  beyond  that  calculated  for  the  infinite 
intensity  distance.  The  calculated  pressure  for  point  C  is  144,*.  b  at  a  dis¬ 
tance  of  14.9  mi.  The  dotted  lines  on  the  nomogram,  in  Pigure  2,  show  the 
change  in  velocity  that  -the  end  point  on  a  V-H  profile  must  have  in  excess 
of  the  surface  velocity  to  predict  maximum  realistic  overpressure. 

The  moot  critical  parameter  in  the  analysis  of  V-H  profile  is  the  slope, 
or  the  rate  cf  increase  of  sound  velocity,  from  B  to  5  in  Figure  (l).  The 
other  important  parameter  is  the  altitude  at  which  the  sound  velocity  starts 
its  inci.vjaac.  '  Theee  two  parameters  taken  from  a  V-H  profile  will  allow  the 
prediction  of  cverpressurw  and  the  distance  of  the  inner  boundary  of  the 
first  noise  zone  frum  the  nomogram. 

Figure  2  shesw  the  eon»grsun.  The  abscissa  is  the  slope  of  the  positive 
phase  of  the  V-H  profile,  and  thus  ordinate  ia  the  altitude  at  whloh  the 
Slope  Tweenies  positive.  The  solid,  more-or-less  vertical  lines  show  the 
ovexpress’x.W!  predicted  in  microbars,  the  clashed  lines  curving  upward  to  the 
left  show  the  distance  of  infinite  intensity,  and  the  dotted  lines  curving 
upward  to  the  right  show  the  change  in  sound  velocity  that  the  end  point  on 
“the  V-H  curve  must  have  in  excess  of  the  surface  velocity  to  reach  the  maxi¬ 
mum  overpressure  shewn  by  -the  pressure  lines.  If  the  actual  change  in 
velocity  exceeds  the  ^  V  shown  by  the  dotted  lines,  the  pressure  lines  will 
be  representative. 

Figure  3  shows  an  actual  V-H  profile  for  the  atmosphere  over  our  test 
site  on  February  9,  19^1 .  The  analysis  of  this  profile  shows  a  positive 
slope  of  200  vlth  the  increase  starting  at  1000  feet.  From  the  nomogram 
we  obtain  a  predicted  overpressure  of  200.x*  b  at  a  distance  of  9  miles, 
based  on  a  10-pound  shot.  The  direction  of  interest  for  this  particular 
profile  is  on  a  bfjering  of  50°  from  the  test  site.  Sevan  to  nine  miles 
from  the  teat  sit?  on  this  bearing  we  have  4  permanent  microbsurograph  */% 

stations.  A  30 -pound  shot  fired  35  minutes  prior  -to  this  oeteorologieal 
run  produced  overpressure  of  from  75 among  the  array  of 
ari.ci*obaro(5.rsphs . 

On  FSbruaiy  $.  1961  a  cold  front  occlusion  was  orientated  east -west 
across  Northern  California  and  was  moving  south.  A  velocity  shesar,  which 
dominated  the  V-H  profile,  was  at  about  3500  feet  at  1200Z.  The  shear  level 
lowered  throughout  the  morning  and  was  evident  at  2000  feet  over  the  test 
site  at  shortly  after  shot  time.  • 

We  have  found  that  in  situations  in  which  frontal  movement  is  15  to  20 
knots  the  height  of  the  positive  slope  will  gradually  lower  until  frontal 
passage  and  not  lift  appreciably  until  several  hours  after  the  front  has 
passed.  On  the  other  band  slowly  moving  fronts  may  not  even  produce  a 
positive  slope  to  the  V-H  profile  until.  they  are  within  a  few  miles  of 
the  test  site.  Allowable  shot  yields  usually  rise  quite  rapidly  after  the 
passage  of  a  slow  moving  front. 
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FIGURE 


riirot  hundred  m-eiocars  have  been  arbitrarily  chosen  at  LRL  as  the 
overpressure  that  we  do  not  wish  to  exceed.  So  by  establishing  the  300yC4b 
limit  and  by  having  the  predicted  overpressure  for  10  pounds  from  the 
nomogram  we  can  attain  *  maximum  shot  yield  by  assuming  that  the  relation¬ 
ship  between  pressure  and  yield  is 


and  where  P2  is  the  predicted  pressure  taken  from  the  nomogram,  W2  is  10 
pounds,  and  Fl  is  the  limit  we  do  not  wish  tc  exceed  will 

then  be  the  shot  yield  that  is  allowable.  In  Figure  3  the  predicted 
overpressure  is  According  to  the  above  relationship,  the  allow¬ 

able  shot  yield  is  25  pounds . 

We  realize,  as  anyone  associated  with  meteorology  must  realize,  that 
trying  to  predict  overpressure  to  the  nearest  microbar,  the  nearest  10 
microbars,  or  even  the  nearest  100  microbars  is  difficult  because  of  the 

variability  of  the  meteorological  parameters.  Then  even  if  we  had  a 
satisfactory  weather  data  gathering  system  we  probably  wouldn't  have  the 
proper  microbarograph  network  to  adequately  check  on  the  results  of  the 
good  weather  data.  By  realizing  all  of  the  things,  the  staff  at  LRL  is 
attempting  to  improve  on  both  problems  in  micro-range  sound  propagation. 

First  our  microbarograph  system  Is  being  enlarged  and  being  made  more 
flexible.  Secondly  a  technique  is  being  developed  with  which  the  micro- 
meteorological  variables  important  to  the  propagation  of  sound,  namely 
winds  and  tenq>erature,  would  be  acquired  continuously.  Data  from  instruments 
attached  to  a  captive  balloon,  tethered  at  2000  feet,  would  be  telemetered 
to  an  electronic  computer  for  analysis. 

We  have  now  developed  a  low  cost  transistorized  transmitter  for  tem¬ 
perature  measurement  that  is  capable  of  flying  from  a  30-gram  pilot  balloon. 
It  is  still  in  the  developmental  stage  but  our  first  runs  3hov  very 
encouraging  possibilities. 

Good  data  acquisition,  such  as  either  of  these  two  techniques  may 
prove  to  be,  cannot  help  but  zneke  nomograms  or  any  other  device  used  in  the 
study  of  micro -range  sound  propagation  much  more  meaningful. 
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ABSORPTION  OP  SOUND  IN  THE  ATMOSPHERE* 

E.  Alan  Dean 

Schellenger  Research  Laboratories 
Texas  Western  College 

The  propagation  of  sound  is  essentially  adiabatic.  As  in  all  aaero- 
scopic  phenomena,  however,  there  is  a  snail  increase  in  entropy  associated 
with  sound  propagation.  This  incx-ease  in  entropy  decreases  the  ordered 
notion  which  a  sound  wave  describes.  The  change  from  order  to  disorder 
results  in  a  transfer  of  energy  from  the  wave  in  the  form  of  heat.  This 
energy  transfer  is  known  as  absorption  and  effects  an  exponential  decrease 
in  such  variables  as  sound  pressure  so  that 


describes  the  pressure  of  a  plane  wave  traveling  in  the  x  direction. 

The  absorption  coefficient O  has  been  the  subject  of  much  theoretical 
and  experimental  effort,  and  the  of  literature  on  the  subjeot  is 

large.  These  remarks  will  be  confined  to  that  portion  related  to  atmos¬ 
pheric  absorption  of  frequencies  less  than  1000  cps.  For  a  complete 
treatment,  refer  to  the  book  by  Herzfeld  and  Litovitz**  or  the  review 
article  by  Markham,  Beyer,  and  Lindsay.*** 

Because  of  historical  reasons,  the  absorption  of  sound  has  been 
divided  into  "classical"  and  "anomalous"  absorption.  The  classical 
absorption,  first  investigated  by  Stokes  and  Kirchoff,  includes  the 
absorption  due  to  viscosity,  heat  conduction,  diffusion,  and  heat 
radiation,  while  the  anomalous  absorption  is  generally  interpreted  to 
be  due  to  the  relaxation  of  excited  molecular  energy  levels.  The  classi¬ 
fication  is  purely  arbitrary,  since  the  classical  processes  can  be  shown 
to  exhibit  relaxation,  and  the  anomalous  absorption  has  been  considered 
to  be  the  effect  of  the  so  called  "second"  viscosity  coefficient.  Atmos¬ 
pheric  absorption  is  more  conveniently  classified  into  (l)  viscothermal- 
rotation  absorption,  (2)  vibrational  absorption,  end  (3)  radiative  absorp¬ 
tion. 


The  viscous  absorption  may  be  expressed  as 


°n  ■  2/5  • 

P  c 


where  i)  Is  the  dynamic  viscosity, P  is  the  density  and  c  is  sound  speed. 
Likewise  the  thermal  conductive  absorption  is 


(L  ■  K 
Tt  5 


*  Supported  by  U.  S.  A ray  Signal  Missile  Support  Agency,  Contract  29-040- 


0HD-1237. 

**  K.  P.  Herzfeld  and  T.  A.  Litovitz.  1959.  Absorption  and  Dispersion  of 
Ultrasonic  Waves.  New  York:  Academic  Kress. 

***  J.  J.  Jarkham,  R.  T.  Beyer,  and  R.  B.  Lindsay.  1951*  Absorption  of 
sound  in  fluids.  Rev.  Mod.  Phys.  23:353* 


where  K  Is  the  thermal  conductivity,  cv  is  the  specific  heat  at  constant 
volume,  and  Cp  is  the  specific  heat  at  constant  pressure.  The  absorption 
due  to  diffusion  in  a  gas  mixture  has  been  expressed  by  Kohler',  but 
Herzfeld  and  Lltovitz  report  that  it  amounts  to  less  than  1$  of  the  viscous 
and  thermal  absorptions,  so  that  this  absorption  will  be  neglected. 

Therefore,  the  first  approximation  to  the  classical  absorption 
(neglecting  radiation)  is  the  sum  of  the  viscous  and  thermal  absorptions, 
which,  after  clearing  fractions  and  substituting  for  p  c2  the  term  7  P, 
where  7  is  the  ratio  of  specific  heats,  becomes 

The  use  of  Prandtl  number  It*  1  P  reduces  the  expression  to 

K 


Experimental  measurement  in  monoat omic  gases  support  the  above 
closely;  however,  the  measured  absorption  in  polyatomic  gases  is  consis¬ 
tently  greater  than  calculated  results.  The  absorption  in  air  is  parti¬ 
cularly  distressing,  as  the  measured  values  are  sometimes  300  times  as 
large  as  the  classical  value.  To  explain  anomalous  absorption,  Herzfeld 
and  Rice  proposed  a  theory  of  molecular  relaxation,  in  which,  because  of 
the  rapid  variation  in  density,  the  specific  heats  became  complex  functions 
of  frequency.  The  complex  specific  heats  cause  a  complex  propagation  con¬ 
stant  which  leads  to  absorption. 


The  energy  of  a  gas  resides  not  only  as  translational  energy,  but 
also  in  the  form  of  rotational  and  vibrational  energy.  The  number  of 
molecules  In  an  excited  state  (rotational  or  vibrational)  depends  upon 
the  temperature,  but  there  is  a  finite  time  which  is  necessary  to  estab¬ 
lish  equilibrium  between  the  temperature  and  internal  energy.  This  pro¬ 
cess  may  be  described  In  terms  of  a  frequency  dependent  molar  heat.  Con¬ 
sider  a  mole  of  gas  which  is  compressed  adlabatic&lly,  the  compression*! 
period  being  much  greater  than  any  relaxation  time  Involved.  The  equi¬ 
librium  lag  is  negligible  and  the  beat  capacity  is  the  sum  of  the  un¬ 
excited  and  excited  capacities:  this  is  termed  the  low  frequency  molar 
heat,  Co.  However,  if  the  compress ional  period  is  much  shorter  than  the 
relaxation  time,  the  gas  would  never  reach  equilibrium  and  the  heat 
capacity  would  be  that  of  the  unexcited  capacity  alone.  This  is  denoted 
9»  ,  the  high  frequency  molar  heat .  This  leads  to  an  internal  molar  heat 
of 


Ci  *  Cc  -  c. 

*  M.  Kohler.  194-9 •  Schallabsorptlon  in  blnaren  Gaamlschungen.  Zelt. 
Physik  127:41. 
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The  derivation  of  the  anomalous  absorption  resulting  from  this  pro¬ 
cess  nay  be  found  in  the  literature.  One  expression  Is 
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where  t  is  the  relaxation  tine  and  R  is  the  gas  constant.  For  rotational 
relaxation,  r  is  extremely  snail  and  the  second  term  of  the  denominator 
may  be  neglected.  With  the  substitution  of 

c  »  5H  an 4  c  “  *  5  R, 

0  2  5 

the  expression  is  simplified  to 
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Assuming  that  the  excitation  lu  the  result  of  nolecular  collisions,  the 
TelXXKtldn  time  ley  be  expressed  as  t-  ■  Z,  tc  ,  where  Tc  is  the  tine 
between  molecular  collisions  andZg  M  is  the  collision  nunber  for  rotatioc. 
After  use  of  the  kinetic  theory  relation  ,  the  absorp¬ 
tion  becomes  Te  0 


Or  “  0.0*5  7.J?1  . 

Therefore,  the  viscothermal-rotatlonal  absorption  Is 


[iL  +JL-  +  0.045Z-  1 
Pc  L  21  71  J 

where  the  value  7  bas  been  used. 

Using  Greenspan's*  value  of  L  a  4.82  and  obtaining  the  other 
values  from  the  Tables  of  Thermal.  Properties  of  Oases**,  this  absorption 
becomes 

1.8  x  10'Xi  f8  a’1 


at  0°C  and  760  ran  Hg.  Considering  the  mean  deviations  of  tj  ,  I  ,  and  Zp, 


*  M.  Greenspan.  1959.  Rotational  Relaxation  in  nitrogen,  oxygen,  and  airT 
Acoust  Soc.  A.,  Jour.  31:55. 

**  J.  HUsenrath,  et  al:  1955.  Tables  of  Thermal  Properties  of  Gases. 
National  Bureau  of  Standards  Circular  564. 
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this  value  should  have  a  precision  of  about 

The  variation  with  frequency  is  apparent,  also  it  can  be  seen  that 
this  type  of  absorption  varies  inversely  vith  pressure.  In  fact,  most 
measurements  of  absorption  use  pressure  rather  than  frequency  as  the 
independent  variable.  The  variation  with  temperature  is  more  complicated, 
the  significant  variation  being  that  of  -gl-  ,  vith  smaller  variations  due 
to  1  and  possibly  Zp.  Using  the  Sutherland  formula  for  the  viscosity  of 
air, 

±  m%_  (  *\  /ys\ 

e  “  c  \  T  /  \T+8  J 
o  o 

By  using  the  value  of  S  -  110  and  neglecting  the  smaller  change  due  to 
9; and  Zp, 

01  (I)  ■  trcSrl 

expresses  the  temperature  variation  for  this  type  of  absorption.  The 
standard  deviation  at  temperatures  other  than  CPC  should  not  be  greater 
than  5/ & • 

Although  vibrational  absorption  is  governed  by  the  same  relation 
as  rotational  absorption,  the  details  are  quite  different.  The  rotational 
molar  heats  for  the  diatomic  constituents  of  air  have  their  full  classical 
value  of  R,  and  equilibrium  is  obtained  quickly.  To  the  contrary,  the 
vibrational  molar  heats  sure  extremely  small,  requiring  quantum  considera¬ 
tions,  and  many  collisions  are  required  for  equilibrium.  Since  Cis^O, 
the  absorption  becomes 

*  .  J2-  [  -gftflEfi - 1 - 1—  • 

^  2c  L(  R  +  co )  CQ  J  1  +  »aTva 

Setting  C  ■  2,0  2*f0  =  1,  this  becomes 

2 

«  Ci  2ff0 

“»  -SSK =  •#■♦*/ 

The  right-hand  factor  has  a  maximum  value  of  unity  vhen  f  -  f Q  and  decreases 
for  f  >  fp,  or  f  <  iD,  as  seen  is  figure  1.  Because  of  this  consideration, 
the  left  hand  factor,  vhen  divided  by  X  ,  is  called  the  maximum  absorp¬ 
tion  per  wavelength.  If  the  absorption  per  unit  length,  rather  than  the 
absorption  per  wavelength  is  displayed,  Figure  2  results.  Belov  the 
relaxation  frequency  the  absorption  varies  as  the  square  of  the  fre¬ 
quency,  and  above  this  frequency,  it  levels  off  at  a  value  twice  that 
at  fQ. 

The  maximum  absorption  per  wavelength  varies  vith  temperature  and 
composition.  By  using  the  Einstein  specific  heat  equation  and  after 
consideration  of  the  mole  fraction  of  the  relaxing  gas  one  obtains  a 
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A  plot  of  2W/(W2  +  1)  vs  log  W.  A  plot  of  2W2/(W2  +  1) 


theoretical  expression  for  this  maximum  which  has  been  verified  by 
experiment.  The  difficulty  in  obtaining  an  expression  for  is  in 
determining  a  value  for  f0.  This  problem  is  to  be  considered  in  the 
following  paper  by  Dr.  Asms,  and  we  will  merely  list  the  salient  points 
obtained  from  absorption  measurements. 

Neglecting  the  small  vibration  energy  of  **  ,  aa  is  dependent  on 
the  vibration  of  oxygen  whose  relaxation  time  depends  strongly  on  water 
vapor  concentration.  Several  Investigators  have  used  reverberation 
techniques  to  measure  the  absorption.  The  results  are: 

1)  The  mft-Hrnimi  absorption  per  wavelength  closely  follows  the  theory. 
Measurements  from  0°C  to  55°C  support  the  expected  temperature  variation. 

2)  The  relation  between  fQ  and  humidity  may  still  be  considered 
unknown.  There  is  a  large  spread  in  data  concerning  this,  with  the  general 
trend  seeming  to  be  of  the  form 

fQ  *  a  +  bh  +  ch^ 

where  h  is  the  humidity.  Although  there  is  some  agreement  as  to  the 
quadratic  nature,  the  coefficients  derived  by  various  authors  do  not 
agree.  This  is  particularly  true  for  a  and  b  since  for  small  h  there  is 
trouble  in  measuring  both  absorption  and  humidity. 

3)  Data  for  pure  Og,  when  compared  with  air  data,  shows  that  the 

Og-  Ng  collision  has  an  effectiveness  of  the  same  order  as  am  0  -0 
collision.  *  * 

k)  In  the  temperature  range  from  20  to  55°C,  little  change  is  noted 
In  f0.  For  this  range  at  least,  fQ  seems  to  be  Independent  of  temperature. 

3)  Measurements  are  Inconclusive  as  to  the  pressure  dependence  of  f0. 

6)  Extrapolation  of  the  absorption  in  Og  due  to  BqO  and  NH3  point  to 
am  0a-0a  collision  effectiveness  yielding  an  fQ  of  50  cps.  Likewise,  the 
corresponding  fQ  for  dry  air  is  certainly  not  greater  than  100  cps,  and  is  y 
probably  about  50  cps. 

The  absorption  due  to  radiative  heat  transfer  can  be  shown  to  be* 


“  g^yr 

where  q  is  a  radiation  constant  (the  constant  in  Newton's  law  of  cooling). 

It  is  readily  apparent  that  this  type  absorption  is  Independent  of  frequency; 

*  E.  A.  Dean.  1939.  Absorption  of  low  frequency  sound  in  a  homogeneous 
atmosphere.  Schellenger  Research  Laboratory  Contract  DA  29-OUO-ORD-1237 • 
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however,  values  of  the  constant  are  based  upon  gross  est last ions, 
necessitating  a  new  means  of  evaluation  of  q  if  the  absorption  at  low 
frequencies  is  to  be  known  with  any  degree  of  accuracy. 

Markham,  Beyer  and  Lindsay  have  suggested  that  4  be  related  to  the 
Stefan -Boltzmann  law.  P;  V.  Smith  Jr.**  has  attacked  the  problem  by  a 
more  general  method.  Recognising  the  fact  that  the  problem  is  more  one 
of  radiation  of  heat  from  a  gas  than  one  of  radiation  from  a  solid  body 
Smith  has  derived  a  complicated  expression  for  q  .  Knowledge  of  the 
infrared  absorption  spectrum  is  required  to  evaluate  the  constant,  and 
Smith  does  not  pursue  the  question  further,  but  does  note  that  there  is 
a  maximum  value  for  q  : 


4max 


0.23 


1601® « 


which  at  least  indicates  the  frequency  dependence  of  ®3 
of  this  value  yields 


Substitution 


«  3  -  0.53  [f(P,  I,  h  )] 

where  or  is  the  Stefan- Boltzmann  constant,  and  P  is  a  function  of  pressure 
(slightly  because  of  pressure  broadening),  temperature  (because  of  Plank's 
radiation  law),  and  humidity.  (HgO  is  the  omjor  absorber),  and  is  equal 
to  or  less  than  one.  Since  O^ma  and  0^,  «*»  ,  there  is  a  cross-over 
point,  beyond  which,  Oj>  as  .  This  is  about  100  cps,  so  that  a 3  is  only 
Important  at  low  frequencies.  Consider  the  following  table  as  an  example 
of  the  Importance  of  this  type  of  absorption: 

Absorption  of  Sound  (  db/100  miles  ) 

Type 


P  - 

'  0.1  Atm.,  T 

=  200°K  0*50, 

,000  ft) 

P  *  0.01  Atm., 

T  -  250°K  (»100,000  ft) 

1  cps 

10  cps 

100  cps 

1  cps 

10  cps 

100  cps 

Oi 

(max) 

.00025 

.025 

2*5 

.0025 

.25 

25 

Oe 

.33 

3*3 

33 

2.0 

20 

200 

Cfe 

(max) 

.02 

0.2 

2.0 

.4 

4 

40 

Thus  at  high  altitude  and  low  frequency,  is  of  possible  importance. 
It  is  also  apparent  from  the  above  table  that  low  frequency  sound  may  be 
propagated  long  distances  without  significant  absoprtlon,  that  O  s  is  the 
most  important  type  of  absorption,  and  that  temperature  effects  are  con¬ 
siderable  for  both  Ct  and  O  _  . 

8  3 

**P.  W.  Smith  Jr.  1957*  Effect  of  heat  radiation  on  sound  propagation  in 
gases.  Acoust.  Soc.  Am.  Jour,  29:693* 
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THE  INFLUENCE  OF  ATMOSPHERIC  PARAMETERS 
ON  RELAXATION  ABSORPTION 
R.  C.  Abus 

University  of  Denver 
Denver  Research  Institute 

Relaxation  Absorption  is  defined  as  that  absorption  which  arises 
because  of  the  failure  of  the  various  molecular  degrees  of  freedom  to 
keep  pace  vith  the  acoustic  cycle.  Bence,  relaxation  absorption  is 
frequency  sensitive,  and  goes  to  zero  as  the  frequency  decreases. 

We  recall  that  the  energy  of  a  gas  may  be  expressed  as  the  sum: 

E  =  E( translational)  +  E( rotational)  +  E( vibrational) 
and  that  at  equilibrium,  energy  is  distributed  among  these  degrees 
of  freedom  in  accordance  with  the  quantum  mechanical  partition  theorem. 
If  we  say  that  the  temperature  of  the  gas  is  suddenly  increased,  we 
mean  that  the  average  translational  energy  becomes  suddenly  higher. 

Then  through  the  process  of  collisions,  the  energy  rises  also  for  each 
of  the  internal  degrees  of  freedom.  The  gas,  when  nooled  agate,  will 
return  to  its  initial  equilibrium,  vith  each  degree  of  freedom  exhibit  in 
its  own  characteristic  relaxation  time.  We  call "7^.  the  relaxation 
time  associated  vith  rotation  and  ,  that  associated  vith  a  single 
vibrational  mode.  Then,  if  R  is  the  collision  rate, 

TrR  ■  2r , 

the  average  number  of  collisions  required  to  remove  a  quantum  of 
rotational  energy,  and 

n;*  -  zv 

the  average  number  of  collisions  required  to  deactivate  the  excited 
vibrational  state.  The  latter  equation  assumes  the  energy  of  vibration, 
hV,  is  77  kT. 

...  Rotational  quanta  are  small,  and  Zr  is  usually  on  the  order  of  10, 
making 7r  at  STP  extremely  short  (-<L0“9  second).  On  the  other  hand, 
thermal  collisions  are  much  less  effective  at  de -exciting  vibrations, 
andZy  may  be  very  large.  For  0%  at  room  temperature,  2y  is  uncertain 
but  around  1C r  ,  placing  Ty  at  about  l/20  second. 

As  the  acoustic  frequency  increases  from  zero,  we  find  that  at  some 
point  the  Internal  energy  exchange  with  translation  is  not  sufficiently 
rapid,  and  the  specific  beat  associated  vith  that  particular  mode  of 
oscillation,  >  is  Bald  to  "lag"  the  acoustic  cycle.  Cint  starts 
falling  to  participate  in  the  oscillations.  This  gives  rise  to  a  new 
■y\  altering  the  velocity  of  sound,  and  creating  a  sometimes  large, 
"anomalous"  absorption. 
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In  the  above  figure,  of  Is  the  intensity  absorption  per  unit  length 
and>*fis  the  intensity  absorption  per  wavelength;^  .  60  is  the 
acoustic  angular  frequency:  u)  ■  2 W  .  is  the  frequency  at  which 
the  maximum  absorption,  occurs. 

At  low  frequencies,  it  may  be  shown  that^_  the  absorption  due  to 
rotation,  is  proportional  to as  is  the  classical  absorption.  Thus: 


■  1  +  0.067  Zr, 


for  linear  molecules.  This  equation  is  due  to  Herzfeld  and  Zmuda 
(I95l)«  O.067  Zj.  is  usually<.l.  In  air,  Zp  might  vary  frpm  one 
constituent  J<o  another  and  one  would  haws  to  take  this  fact  into 
account  to  be  rigorous. 


Z_  is  temperature  dependent  and  also  probably  impurity-dependent, 
but  little  is  known  at  present  along  this  line. 

If  the  temperature  is  low  (i.e.,  if  Cvi  v/R<*i)  the  maxi  mum 
absorption  for  vibrational  relaxation  gives  (R  Is  the  gas  constant): 

4  m  ^  Cvib'  fti  ' 

2  Cp  Cy  V 

where  V  is  the  sonic  velocity.  For  air  at  210^K. , 

«  6.7  x  10"4/T  (db/mile). 

How  does  one  obtain  7w  ?  Experimentally,  its  measurement  is 
difficult  at  low  temperature  and  frequencies,  because  the  absorption 
under  these  conditions  is  quite  small.  Measurements  at  room  tempera¬ 
ture  and  higher  may  be  carried  out  by  use  of  shock  tubes,  resonance  tubes, 
reverberation  chambers  and  interferometers.  The  results  vary  widely 
with  temperature  and  composition. 

Knotzel  and  Knotzel  (1948),  using  the  reverberation  technique, 
measured &)»  ?or  oxygen  at  room  temperature  with  water  vapor  present. 

They  reported: 

f0  «  U^x^/2 ft  «  50  +  KjX  +  Kgx?, 

where  K-j_  and  Kg  are  parameters  which  dependent  on  temperature,  and 
x  is  the  mole  fraction  of  %0.  For  pure  oxygen,  f0  ■  50  cpe,  or 

%  -  R/zy,  =  3.2  milliseconds. 
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The  collision  rate  R  depends  both  on  temperature  and  pressure. 

Z y depends  on  temperature  and  has  long  been  the  study  of  numerous 
investigators.  Landau  and  Teller  were  the  the  first  to  derive  an  expression 
for  Zy(T)  and  Schwartz,  Slavsky,  and  Herzfeld  have  studied  the  effect 
in  recent  years,  along  with  T.  A.  Litovitz  and  others. 

Figure  1.  This  graph  shows  how  small  the  vibrational  heat  capacity  for 
O2  becomes  at  low  temperatures,  thus  validating  some  of  our  prior 
assumptions. 


Figure  2.  This  is  an  abbreviated  form  of  the  Schwartz-Slawsky-Herzfeld 
(SShj  equation.  A  is  actually  slightly  temperature  dependent  and  so 
is  s,  the  range  of  the  repulsive  forces  between  the  two  colliding 
molecules.  B  is  a  constant, yO  is  the  reduced  mass  for  the  collision, 
and 'XJ  is  the  vibrational  frequency  (for  Cg,  V  =  1580  cm"1),  s  may 
be  related  to  rQ  ,  the  Lennard-Joaes  collision  diameter.  €.  is  the 
well  depth  appearing  in  the  Lennard-Jones  potential,  <p(r). 

Figure  3.  Application  of  SSH  equation  gives  the  dashed,  straight  line 
SBOVh  here,  where  Zyf(T)  is  plotted  vs  oh  semi-log.  The  dots 

represent  several  measurements,  the  288°K.  point  being  the  result  of 
KhBtzel  and  Khotzel.  Let  us  consider  the  propagation  of  sound  at  room 
temperature  of  about  288°K.  There  appears  to  be  a  noticeable  deviation 
between  theory  and  experiment  at  this  temperature,  giving 

Zy  (exper. )  =  50  cps  , 

Zy  (theor.)  =  17  cps. 

Figure  4.  These  are  the  very  recent  results  (5/1961)  of  J.  G.  Iferker 
using  the  resonance  tube.  Be  studied  the  Influence  of  Ho  on  oxygen 
deactivation  at  room  temperature.  Extrapolating  to  0  pet.  Hg  gives 
about  9  cps  for  pure  Cg.  The  discrepancy  with  Knotzel'a  work  cannot 
be  explained  at  this  time,  but  the  theoretical  value  is  now  bracketed 
by  the  two  results . 

Figure  5  shows  the  difference  between  Parker' s  work  for  Z^  and  the  results 
of  otuer  investigators. 


Figure  6.  In  the  atmosphere  at  60,000  feet,  only  oxygen  exhibits  any 
significant  vibrational  relaxation  absorption.  The  actual  relaxation 
time  is  a  result  of  the  combined  influence  of  molecular  collisions  of 
0g  with  all  the  other  gases  of  the  atmosphere.  In  the  equation 


^  X  r°*.  4-  ^  **  _ 

Hi  represents  the  relaxation  time  of  an  Og  molecule  colliding  with  the 
1th  constituent  of  the  atmosphere.  The  R*  can  be  calculated  simply  if 
the  temperature,  pressure  and  composition  are  known.  The  Z±  we  may 
calculate  from  SSH  theory. 
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Figure  7.  Since  the  composition  of  the  air  is  known  except  for  water 
vapor,  recent  work  on  the  variation  of  humidity  with  altitude  is  use* 
ful.  This  graph  represents  the  efforts  of  various  Investigators. 

Mur Cray's  work  at  the  University  of  Denver  is  the  most  recent.  We 
have  taken  an  overall  average  for  the  mixing  ratio  at  60,000  feet,  which 
corresponds  to  x  *  10"^.  For  comparison,  the  mole  fraction  of  helium 
is  about  half  that. 

Figure  8.  (table)  Recalling  that  Zy  varies  exponentially  as  we 

collect;  here  the  values  for  this  quantity  for  0g  colliding  with 
several  of  the  atmospheric  constituents,  rg  is  a  measure  of  the  change 
in  s  ,  the  repulsive  range.  The  relaxation  time  for  Cg,  Ng  collisions 
wilT~be  larger  than  for  Cg,  Cg,  but  the  abundance  of  Ng  is  sufficient 
to  offset  this.  Cg,  At  collisions  and  Og,  COg  collisions  may  be  neglected. 
The  resulting  for  0g,  HgO  collisions  by  no  means  suggests  that 

water  vapor  would  have  the  import, ar_ce  that  it  does  in  de-exciting  Og 
vibrations.  This  is  because  the  mechanism  of  energy  exchange  is  entirely 
fvn^  *.bm  maamp tioca  mada  in  deriving  tha  SSH  equation,  so  that 
this  result  is  not  applicable  in  the  case  of  BU0.  Instead,  we  oust  use 
a  modified  Kj_  from  Knotzel's  equation.  Tub  mole  fraction  x  is 
so  small  that  the  second  order  term  may  be  neglected.  Finally, 
helium  collisions  appear  to  be  immensely  efficient  in  the  deactivation 
process.  The  difficulty  really  comes  in  knowing  whether  this  number  for 
,^44a2  is  correct,  since  the  Og,  He  interaction  is  not  well  understood. 

At  best,  we  can  suppose  0.0991  to  be  a  probable  lower  limit. 

Finally,  when  one  calculates  all  the  R's  and  Z's  in  the  equation 
for  l/%  ,  one  finds 


fQ  =  1/2*T<  =  0.09  (for  0g,0g) 

+  .10  (for  Og,Hg) 

+  .11  (for  Cg, He) 

+  .06  (for  Og,HgO)  estimated; 


f0  *  0.36  cps. 

which  is  a  probable  upper  limit  to  fQ.  We  can  be  reasonably  certain 
tbat  f0  does  in  fact  lie  below  1  cps  at  60,000  feet.  A  calculation 
for  fQ  at  any  other  temperature  and  pressure  would  proceed  in  similar 
manner. 
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BALLISTIC  VS.  SPHERICAL  FRONTS  ORIC-INATINS 
FROM  SUPERSONIC:  MISSILES 
Robert  L.  Schuaaker 
Aurora  Bustos 

Schellenger  Research  Laboratories 


INTRODUCTION 

'The  SOTIM  process  is  one  in  which  acoustical  data  is  used  to  deter¬ 
mine  the  speed  and  position  of  a  missile  in  space  and  the  time  of  origin 
of  the  shock  fronts  which  it  originates.  Thus  a  portion  of  the  trajectory 
of  the  missile  can  be  determined  with  respect  to  both  position  and  time. 

From  the  order  of  arrival  of  the  3hcck  front  at  a  geometric  array  of 
microphones  on  the  ground,  the  azimuth  of  the  sound  source  is  established 
as  well  as  the  angle  of  elevation.  This  angle  of  elevation  is  then  re¬ 
lated  to  the  angle  between  the  shock  front  and  the  trajectory  to 
establish  the  speed  of  the  missile.*  On  the  basis  of  this  method  every 
aeoustieal  wave  is  related  to  the  speed  of  the  missile  (and  the  Mach 
cone)  as  a  positive  part  of  SOTIM  analysis.  Incidentally  SOTIM  stands 
for  Sonic  Observations  of  Trajectories  and  Impacts  of  Missiles.  However, 
not  all  waves  are  necessarily  ballistic  waves,  and  a  technique  is  herein 
outlined  so  that  such  waves  can  be  distinguished  from  ballistic  waves. 
Furthermore  they  can  be  identified  as  having  originated  from  a  more  or 
less  spherical  front,  for  example,  as  an  explosion. 

SOTIM  data  analyses  disclosed  eight  missiles  for  which  an  occurrence 
of  the  nature  described  was  verified,  and  these  were  chosen  from  about  100 
unclassified  Aerobee  firings  from  which  we  at  Schellenger  Research 
Laboratories  were  provided  field  data  by  White  Sands  Missile  Range.  Such 
cases  (non-ballistic  cases)  will  hereafter  be  referred  to  as  "events". 

These  eight  missiles  are  listed  Li  Table  1,  giving  the  date  of  firing  and 
approximate  altitude  and  origin  time  of  the  event. 

The  factors  which  determine  that  a  group  of  waves  were  spherical  in 
their  origin,  as  opposed  to  being  conical  as  the  ballistic  waves  from 
a  missile,  can  be  extracted  from  discussions  of  (l)  the  speed**  and  time 
curves  associated  with  event  waves  and  (?)  the  wave  shape  of  distumances 
recorded  on  the  tape  from  the  event  in  :emtar~ n —  to  the  usual  ballistic 
disturbance? .  Of  course,  magnetic  tape  recordings  would  have  permitted  an 
electronic  harmonic  analysis,  as  ve  now  conduct  in  our  data  analysis  labora¬ 
tory,  but  this  was  not  used  for  these  field  recordings,  hence  was  not 
applicable  here. 


*Webb,  W.  L.,  McPike,  A.  A.,  Thompson,  H.  F.,  Sound  Ranging  Technique 
for  Determining  the  Trajectory  of  Supersonic  Mis3ile&t  -regress  Reports  #1 
and  2,  White  Sands  Missile  Range,  li  March  1955  and  July  1955* 

*»i&  wiij.  oecome  evident  that  t.ne  term  speed  when  used  in  rei'erence  to 
an  event  refers  to  a  ratio  and  does,  net  represent  the  rate  of  descent. 
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Figure  1,  Relating  the  speed  of 
the  missile  to  the  angle  of  eleva¬ 
tion  of  the  sound  source 


II-3  TABLE  1 


Altitude  of 
Origin 

Time  of 
Origin 

Missile 

Firing  Date 

(ft  MSL) 

(sec) 

AF  104 

5  May  1959 

124, 000 

x  +  340 

AF  109 

24  June  1959 

96, 000 

x  +  441 

IQY  NN  3.  23  F 

21  July  1959 

96, 000 

x  4-  432 

AF  37 

28  August  1959 

109, 000 

x  +  480 

AA  3. 124  C 

19  January  1960 

122,000 

x  +  453 

AA  2. 143  C 

12  February  1960 

124,000 

x  +  351 

NRL  60 

19  April  1960 

104,000 

x  +  454 

AA  1. 126 

15  September  1960 

124,000 

x  * 

x  +  296 
firing  time 
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SPEED  AND  TIME  CURVE 


The  speed  of  a  missile  (Vm)  is  determined  by 

V  C 

■  -  sin  < 

where  c  is  the  local  speed  of  sound  and  c  is  the  Mach  angle  (see  Figure  l). 
The  wave  front  which  travels  to  the  array  on  the  ground  is  represented  by 
a  ray  drawn  perpendicular  to  the  wave  front.  Assuming  no  refraction  and 
a  vertical  trajectory  durina  descent,  €  is  also  the  angle  of  elevation 
measured  at  the  array.  However,  in  practice,  the  ray  is  refracted  in 
traveling  through  the  atmosphere  both  by  the  wind  and  the  temperature 
gradient.  Therefore,  the  e  and  azimuth  angle  received  at  the  array  must 
be  corrected  by  applying  Sr^v,  ’s  law  at  each  boundary  of  the  atmospheric 
layers  as  chosen  from  RAOB  weather  data.  On  the  average  about  70  layers 
are  chosen  and  more  than  1000  calculations  are  required  to  trace  the  ray 
back  to  its  source.  RAOB  weather  data  is  available  for  each  firing  to 
altitudes  of  approximately  100,000  ft  MSL. 


In  the  cases  considered  ine  missile  was  undergoing  a  near-vertical 
descent.  It  is  most  likely  that  in  the  region  from  which  SOTIM  data  is 
received,  approximately  1+0,000  ft  to  130,000  ft  altitude,  the  missile 
would  be  decelerating.  Thus  the  arrays  situated  at  various  distances  from 
the  vertical  trajectory  would  indicate  various  speeds  at  different  altitudes 
and  times  along  the  trajectory  (See  Figure  2).  An  altitude  versus  speed 
curve  constructed  for  such  a  situation  would  be  similar  to  the  curve  shown 
in  Figure  3>  which  is,  as  are  all  of  the  examples,  selected  from  the  data 
of  specific  missiles.  If  two  arrays  happen  to  be  equidistant  from  the 
line  of  descent,  the  speed  of  the  missile,  altitude  and  time  of  origin 
calculated  from  data  received  at  the  two  arrays  should  agree.  This  agree¬ 
ment  is  illustrated  by  the  Pat  and  Tula  arrays  in  Figure  3* 

In  an  event,  several  arrays  which  are  not  equidistant  from  the  line 
of  descent  record  the  sound  source  at  a  single  altitude  at  the  same  time; 
but  each  array  indicates  a  different  speed  for  the  missile.  A  typical  graph 
of  speed  vs.  altitude  for  an  event  is  shown  next  (Figure  4) .  Such  a  case 
is  assumed  to  be  caused  by  something  other  then  ballistic  waves  from  a 
missile  section  for  the  following  reasons. 

(1)  Ballistic  waves  from  a  missile  section  at  one 
altitude  should  not  give  such  a  discrepancy  in  speed. 

(2)  It  is  improbable  that  so  many  arrays  on  the  ground 
would  receive  waves  from  a  ballistic  wave  front  all  originating 
from  a  common  altitude.  This  is  tecuase  the  arrays  are  scattered 
over  a  large  portion  of  the  missile  range,  and  their  position 
would  not  likeuy  be  at  points  where  they  could  receive  the  sound 
in  question.  It  has  beers  assumed  that  the  speed  of  sound  and 
wind  profiles  do  not  have  pronounced  horizontal  variation  over 
the  area  encompassing  the  various  arrays  of  microphones. 
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Figure  2.  Sound  fronts  generated  by  a  missile  section  decelerating 
through  space  are  shown  by  rays  traveling  to  four  arrays. 


Altitude 

Altitude 

(ft  MSL) 

(ft  MSL) 

Pat  ♦/♦Tula 


1,000  2,000  x  +  460  x  +  470 

Speed  Origin  Time 

Speed  and  Time  Curves  of  NRL  60  Missile  Section 


’2 


Altitude 
(ft  MSL) 


Altitude 
‘  (ft  MSL) 


One  of  the  distinguishing  factors  noted  for  a  group  of  event  waves  was 
that  the  "speed"  indicated  for  the  missile  increased  as  the  range  increased. 
Assuming  straight  line  propagation,  in  order  for  a  group  of  "rays  to  estab¬ 
lish  a  missile  at  a  given  altitude  and  time,  they  must  he  equidistant  from 
the  line  of  descent,  as  noted  previously.  IMs  variation  of  "speed"  with 
range  serves  as  a  criterion  for  distinguishing  between  a  ballistic  and 
spherical  sound  source.  As  shown  in  Figure  5,  the  sound  front  received 
at  the  array  would  have  originated  from  a  section  of  the  spherical  front 
whose  tangent  at  that  point  would  make  an  angle  of  c  with  the  vertical. 

From  Figure  5,  it  can  be  seen  that  the  array  situated  at  the  greatest 
distance  from  the  source  would  necessarily  indicate  the  fastest  speed.  A 
table  listing  all  the  waves  received  from  the  eight  events  is  included 
in  the  appendix  at  the  end  of  this  report;.  In  this  table  it  will  be  shown 
that  speed  increases  with  range  in  every  case. 

Another  interesting  factor  distinguishing  the  spherical  front  from 
the  ballistic  front  is  that  all  arrays  in  operation  should  hear  the  for¬ 
mer  but  not  necessarily  the  latter  or  ballistic  type.  When  a  graph  is 
plotted  with  range  vs .  travel  time  for  *3ie  waves  already  correlated  with 
the  event,  the  predicted  arrival  times  at  other  arrays  can  be  obtained 
by  interpolation.  An  example  of  such  a  graph  is  shown  in  Figure  6.  Since 
these  waves  may  have  been  overlooked  in  the  original  analysis  due  to 
relative  weakness,  for  example,  they  can  be  located  and  correlated  with 
the  event.  The  waves  which  were  found  using  this  method  are  listed  in 
Table  2. 

EXTENSION  TO  NON- VERTICAL 

It  is  to  he  noted  that  this  method  for  distinguishing  between  ballistic 
and  spherical  waves  can  be  extended  to  a  missile  undergoing  non-vertical 
descent,  that  is,  still  moving  with  a  horizontal  component  of  velocity 
after  re-entry  into  the  atmosphere.* 

CONCLUSIONS 

To  the  extent  of  available  information,  no  events  which  would  initiate 
spherical  fronts  were  programmed  for  the  missiles  during  the  portions  of 
the  trajectories  where  they  were  observed;  therefore,  the  nature  of  the 
event  cannot  be  explained  and  warrants,  perhaps,  an  investigation,  as  to 
the  source.  Furthermore,  the  data  indicates  what  can  be  accomplished  from 
acoustical  data  analyses.  Unannounced  and  not  even  programed  events 
have  been  Identified  as  having  originated  at  a  certain  altitude  (within  a 
thousand  feet  or  so)  at  a  time  (withir,  a  second  or  so)  at  a  range  of  50 
miles  or  so. 


♦Robert  L.  Schumaker,  "Extension  of  SOTIM  Analysis  to  Non-Vertical 
Descent  of  Missiles",  Schellsnger  Research  Laboratories,  Texas  Western 
College . 


7k 


II >3  TABLE  2 


Wave 

Estimated 

Array 

No 

Warrt 

Warrt 

Salt 

2 

x  +  458  sec 

x  +  463 

sec 

NW  30 

7 

x  +  584  sec 

x  -I-  585 

sec 

NW  30 

5 

x  +  603  sec 

x  +  602 

sec 

Motel 

3 

x  +  671  sec 

x  +  671 

sec 

Pat 

4 

x  +  585  sec 

x  +  584 

sec 
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APPENDIX 


Table  A-l  lists  the  following  data  for  each  of  the  waves  received 
from  the  eight  events: 

Array:  The  name  given  to  the  array  of  microphones  receiving  the 
front. 

Wave  No:  The  order  of  arrival  of  the  front  at  the  array. 

Az :  The  azimuth  angle* 
c  :  The  elevation  angle# 

R-C:  A  reliability  ("R")  designation  based  upon  the  fact  that  the 
travel  time  of  a  plane  sound  front  between  one  pair  of  microphones 
in  the  square  array  should  be  the  same  as  for  anothar  pair,  since 
the  TjreaX  times  read  from  the  field  tape  upon  which  these  data  are 
recorded  are  affected  to  some  degree  by  wind  noises,  etc.,  these 
measured  time  differences  are  not  always  the  same.  The  designs** 
tions  range  from  4x  to  lx,  the  larger  integers  signifying  the 
greater  accuracy  in  reading  the  tape.  A"3M"  (three  mike) 
designation  means  that  one'  of  the  microphonsswaa  Infrfreratlbfre 
and  normal  precision  was  not  possible. 

The  number  from  1  to  10  inclusive  following  the  "R" 
factor  is  a  grading  of  the  wave  expressing  an  overall  confidence 
"C"  factor  in  reading  the  wave.  Sharp,  clear  breaks  which  cam  be 
read  with  confidence  are  indicated  by  the  higher  integers. 

Strength:  Strengths  of  waves  are  indicated  by  W,  M,  or  S,  meaning 
weak,  medium,  or  strong  in  relative  intensity  when  received  at 
the  array. 

Wave  arrival  time  where  x  is  the  firing  time, 

JfeOCS’  Horizontal  distance  from  array  to  the  projection  on  the 
ground  of  the  event  point 

o  :  c  is  the  speed  of  sound  at  the  altitude  of  origin  and 
■  la  € 1  «'  is  the  corrected  angle  of  elevation.  This  ratio 

is  the  speed  of  the  missile  in  usual  SOTIM  analysis. 

Altitude :  Altitude  of  wave  origin# 

Origin  time:  Time  of  wave  origin  where  x  is  the  firing  time. 
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Salt  3  184.8  26.1  4x-l  W  x  +  492  171,000  2.000  123,000  x  +  296 


ACOUSTICAL  DETERMINATION  OF  WINDS 
BY  MEANS  OF  A 
CIRCULAR  MICROPHONE  ARRAY 
Robert  0.  Olsen 

U.  S.  Army  Signal  Missile  Support  Agency 
White  Sands  Missile  Range,  New  Mexico 

In  the  last  few  years  a  need  has  been  generated  by  the  missile  develop¬ 
ment  people,  for  a  different  method  of  wind  measurements. 

With  a  standard  type  aero vane,  one  is  limited  to  a  wind  measurement 
at  a  discrete  point  in  space j  also,  these  Instruments  have  a  slower  response 
time.  Another  method  is  to  use  pilot  balloons,  but  this  is  limited  because 
of  the  time  and  space  differential  of  the  balloon  trajectory  Un  relation 
to  the  missile  trajectory. 

One  approach  to  this  wind  measuring  problem  is  to  use  acoustics.  , 
With  this  method,  the  wind  is  not  measured  at  a  discrete  point  in  space, 
but  is  integrated  over  an  area,  and  the  response  time  is  decreased.  How¬ 
ever,  the  positioning  of  the  sound  source,  and  its  coordinates  is  required. 

A  circular  microphone  array  was  set  up  to  determine  how  well  the  wind 
could  be  measured  over  an  area.  The  terrain  chosen  was  level  and  free 
of  obstacles  which  could  disturb  the  generated  sound  patterns.  A  diagram 
of  the  array  is  shown  in  Figure  1. 

The  microphones  were  set  on  6-foot  stands  at  eight  evenly  spaced 
points  on  a  2 00-foot -radius  circle,  and  each  stand  was  adjusted  so  that 
the  microphones  were  on  the  same  plane.  The  array  was  oriented  with 
the  number  one  microphone  at  a  true  north  position.  A  ten-ga^w  ©aiuoe 
cannon  was  placed  on  the  same  plane  aB  the  microphones,  at  the  center 
of  the  array,  and  was  used  to  generate  the  sound  energy.  A  ninth  micro¬ 
phone  was  placed  next  to  the  cannon,  so  that  a  zero  time  for  the  origin 
of  the  blast  could  be  recorded. 

Five  three -blade d  propellor-type  aero vanes  measured  the  wind  at 
different  points  on  the  array.  They  were  placed  adjacent  to  the  micro¬ 
phones  at  the  center  and  positions  3,  3,  5>  And  7,  And  at  a  height  of 
seven  feet  above  the  surface.  The  aerovanes  were  wired  to  an  RO-2 
recorder,  with  a  circuit  for  marking  the  chart  at  the  time  of  the  blast. 

A  mercury  thermometer  was  placed  at  the  center  of  the  array  and  was  read 
at  each  cannon  firing. 

The  data  were  recorded  on  a  direct-write  recording  oscillograph. 

For  these  tests  it  was  necessary  to  ran  the  recorder  at  a  paper  speed 
of  50  inches  per  second,  to  be  able  to  differentiate  the  various  arrival 
times  of  the  signals  at  the  microphones. 

4 

Figure  £  a  schematic  of  the  various  components  of  the  microphone 
recording  system.  The  oscillator  unit  supplies  a  5000-cycle  carrier  to 
the  bridge  circuit  and  any  time  the  bridge  becomes  unbalanced  a  voltage 
is  generated,  then  amplified,  after  which  it  is  recorded  by  the  galvanometers. 
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DIAGRAM  OF  CIRCULAR  ARRAY 


MICROPHONE  RECORDING  SYSTEM 


The  micro phone s  used  were  the  T-23B,  a  hot  wire  element  microphone, 
in  the  form  of  a  double  Helmholtz  resonator,  and  containing  an  amplifier 
and  acoustical  filter.  These  microphones  had  to  be  modified  to  be  compati¬ 
ble  with  the  carrier  amplifiers  of  the  recording  system.  The  amplifiers 
were  removed  from  the  microphones  and  the  carrier  output  from  the  oscillator 
vas  hooked  across  the  hot  wire  element. 

In  Figure  3>  the  resistors  A  and  B  are  the  hat  wire  element  which 
form  two  legs  of  the  bridge  circuit  and  resistors  C  and  D  are  the  other 
two  legs  placed  in  the  bridge  circuit  by  the  amplifier  assembly.  This 
type  of  recording  system  had  an  advantage  in  that  all  the  microphones  were 
powered  from  a  centred  source,  so  that  the  response  characteristics  of 
the  microphones  were  approximately  the  same. 

Timing  was  placed  on  both  sides  of  the  record  by  a  1000-cycle 
oscillator.  With  these  timing  traces  the  sound  arrivals  at  the  micro¬ 
phones  could  be  read  to  a  part  of  a  millisecond. 

By  placing  the  cannon  on  the  same  plane  as  the  microphones  and 
firing  it  with  the  muzzle  in  an  upright  position,  it  vas  assumed  that 
the  sound  was  propagated  in  a  circular  wavefront,  and  that  the  refraction 
of  sound  was  negligible  because  of  the  elevation  of  the  miorOphone&ndnd 
the  short  diu ounce  over  which  it  propagated.  If,  Bound  is  being  pro¬ 
pagated  in  a  homogeneous  moving  medium,  Schotland*  has  shown  that  the 
wind  along  a  particular  axis  can  be  determined  by  the  following  expression: 


Vx  »  wind  along  x  axis 
Vy  3  wind  along  y  axis 
Vz  «  wind  along  z  axis 

At  ”  time  difference  of  sound  arrival  at  2  sensors  on  the  same  axis 
C  »  speed  of  sound 

X  ■  distance  from  source  to  receiver 

He  also  states  that  by  omitting  the  second  term  in  the  brackets  an  error 
is  introduced  in  the  measurement  of  Vx.  This  error  depends  upon  the  ratio 
of  the  square  of  the  total  wind  speed  to  the  square  of  the  velocity  of 
sound.  For  wind  speeds  less  than  35a/®®c.,  the  error  in  the  measurement 
of  a  component  velocity  is  less  than  1  per  cent  of  the  true  value. 

*  fchotland,  R,  M. ,  Journal  of  Meteorology.  Vol.  12,  No.  4,  pp  3B6-390> 
1955. 
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Since  the  wind  measurements  are  to  be  aide  over  an  area,  it  cannot 
be  assumed  that  the  sound  is  being  propagated  through  a  homogeneous 
moving  medium  and  to  compensate  for  these  conditions  it  becomes  necessary 
to  average  the  various  winds  by  a  least  squares  method* 

The  wind  speed  from  the  center  along  the  path  to  each  microphone 
is  determined  by  the  following  expression: 

V,  -  A*i  S2 

Vi  •  wind  speed  from  source  to  each  microphone 

Ati  a  time  difference  between  average  travel  time  of  sound  to  the 
microphone  and  the  actual  travel  time 

Z  a  average  sound  velocity 

D  a  distance  from  source  to  microphone 

The  wind  speeds  are  resolved  by  averaging  the  speeds  along  the 
same  axis  and  then  plotting  these  speeds  on  a  graphical  representation 
of  the  array.  The  resolution  of  these  vectors  usually  results  in  a 
triangular  intersection  rather  than  a  point  of  intersection.  This  area 
of  intersection  indicates  a  general  direction  and  magnitude  of  the  wind. 
The  results  of  this  method  can  be  seen  in  Figure  U.  Having  determined 
the  general  magnitude  and  direction  a  mean  wind  vector  is  found  by  a 
reiteration  process  and  a  least  squares  method. 

The  wind  vectors  which  have  been  determined  are  a  component  of  the 
total  wind  along  a  given  path.  Therefore,  it  is  necessary  to  find  each 
of  these  winds  and  rotate  them  into  one  direction.  This  is  done  by 
using  the  following  expression: 

Vj  •  sec  0  Vi 

where  Vi  is  the  wind,  component  and  secant  0  is  the  angla Jjetirasn  the  com¬ 
ponent  and  the  total  wind  vector.  The 

vector  is  determined  when  the  sum  of  thb  squ^Tas  is  a 

minimum  for  a  given  angle  0.  '  ‘  ' 

^(Vi  -  Vi)  ■  minimum  l^sidual 

when  ?i  is  the  best  estimate.  In  using  the  least  squares  method  it  is 
assumed  that  variations  are  of  a  random  nature  and  have  a  normal  dis¬ 
tribution  about  a  mean. 

In  Figure  5,  the  wind  vector  falls  outside  the  intersected  area,  be¬ 
cause  in  the  graphical  representation  the  wind  vectors  on  the  same  axis 
are  averaged;  while  in  computing  the  mean  wind  vector  all  eight  vectors 
are  used. 
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From  the  minimum  residuals,  the  probable  error  on  the  mean  estimate 
of  the  wind  Is  computed.  The  variation  in  the  probable  error  nay  indicate 
the  amount  of  turbulence  in  the  array  area.  Another  factor  contributing 
to  the  probable  error  is  the  T-23  microphone  which  has  a  long  rise  tine, 
making  it  difficult  to  determine  the  exact  time  of  the  initial  sound  arrival 
at  the  microphone. 

The  wind  data  from  the  aero vanes  were  averaged  over  a  10  second 
interval,  with  the  data  indicating  a  steady  condition  during  these  tests. 

The  thermometer  temperatures  were  taken  at  the  time  of  the  cannon  blast. 

These  measurements  were  put  into  table  form  with  the  acoustical  measure¬ 
ments.  These  results  are  summarised  in  Table  1.  Table  2  Indicates  the 
estimated  mean  wind  and  the  size  of  the  probable  error  associated  with 
that  wind  measurement. 

• 

Conclusions :  * 

The  data  indicate  %  that  the  wind  can  be  measured  over  a  given  area _ 

by  means  of  acoustics.  This  measurement  is  the  result  of  averaging  the 
wind  vectors  from  different  points  on  the  array  and  making  them  fit  a 
uniform  lamiiwr  flow  in  the  same  direction.  To  fully  evaluate  the  tur¬ 
bulence  in  the  array  area,  it  would  be  necessary  to  use  microphones  with 
high  frequency  response  characteristics  and  an  electronic  means  of  determining 
the  sound  arrivals.  Vlth  this  equipment  the  instrument  error  could  be 
more  easily  determined  and  the  variation  from  the  Instrument  error  would 
be  a  measurement  of  the  turbulence. 

In  the  comparison  of  the  data,  the  wind  measurements  indicate  good 
agreement,  but  the  temperatures  determined  by  the  average  sound  velocity 
when  compared  to  the  thermometer  temperatures  do  not  agi  •  as  well.  This 
may  be  due  to  taking  thermometer  measurements  at  the  surface  and  at  one 
point,  and  the  acoustical  measurement  five  or  six  feet  above  the  surface, 
over  the  entire  array.  The  data  from  an  acoustical  array  nay  be  more 
meaningful  in  determining  the  flight  of  a  missile  during  the  launch  phase, 
because  the  measurement  is  made  over  an  area,  and  a  mean  wind  is  determined 
with  a  measure  of  the  turbulence  present.  The  response  time  of  this 
system  is  faster  than  that  of  the  conventional  measurement  systems. 
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An  Acoustical  Technique  for  Calibrating 
High  Altitude  Temperature  Sensors 
Harold  Ballard 
Texas  Western  College 
El  Paso,  Texas 

X.  INTRODUCTION 

Experimental  tests  were  performed  on  VECO  bead  thermistors1  coated 
with  Krylon  Glossy  White  Ho.  1501  Spray  Enamel,2  carbon  black,  and 
aluminum. 3  The  bead  was  .01  inch  in  diameter  prior  to  coating.  Dimen¬ 
sions  of  the  beads  and  their  cross-sectional  areas  after  coating  with 
the  various  substances  were  as  follows: 


THERMISTOR  BEAD  DIMENSIONS  AFTER  COATING* 

Coating 

Length 

(mm) 

Diameter 

(mm) 

Area 

(mn2) 

carbon  black 

5.0  x  10”1 

3.0  x  10"1 

12.  x  10-2 

aluminum 

3.5  *  10"1 

2.5  x  10*1 

7.0  x  10”2 

Krylonp 

5.0  x  10”1 

3.2  x  10-1 

12.  x  10-2 

Krylon 3 

4.5  x  1C”1 

2.0  x  10”1 

7.0  x  10-2 

*Uncoated  diameter:  .01  inch  (2.5  x  10"1  mm) 

NOTE:  Subscripts  designate  test  series  numbers  rather  than 
a  difference  in  the  Krylon  coating. 

TABLE 

I 

Tests  were  run  in  an  environmental  testing  chember  at  pressures  of  670, 
87,  8,  and  1  mm  Hg,  corresponding  to  altitudes  of  4,000,  50,000,  100,000, 


1 

Mfg's.  Hos.  43A6,  TX819C,  and  55A5,  Manufactured  by  Victory 
Engineering  Corp . ,  Union ,  N .  J . 

2 

Manufactured  by  Krylon,  Inc.,  Norristown,  Pa. ■  • 

3 

An  evaporated  aluminum  coating. 
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and  150,000  ft  respectively  Temperatures  were  varied  between  +20°C  and 
•7CPC  at  each  of  the  above  pressures,  reproducing  as  nearly  as  possible 
the  environmental  conditions  expected  during  the  descent  of  a  parachute- 
supported  temperature  telemetry  system.1 

II.  ACOUSTIC  THERMOMETER 


A  small  speaker  was  placed  within  the  environmental  chamber  and 
acoustically  Isolated  from  the  chamber.  A  microphone  was  placed  at  the 
maximum  distance  from  the  speaker  that  was  allowed  by  the  size  of  the 
chamber.  This  distance  was  of  the  order  of  one -half  meter.  The  speaker 
vas  pulsed  from  an  external  source.  This  pulse  also  triggered  the  sweep 
on  an  oscilloscope.  The  output  of  the  microphone  was  connected  to  the 
vertical  plates  of  the  oscilloscope.  The  difference  in  time  between  the 
initiation  of  the  sweep  and  the  arrival  of  the  pulse  at  the  microphone  was 
determined  from  the  calibrated  sweep  on  the  oscilloscope.  The  tempera¬ 
ture  in  °C  can  be  calculated  from  the  equation: 


t°C  *  273 

where 


v^  »  speed  of  sound  at  the  temperatur^t°C,  and 

vQ  «  speed  of  sound  at  CPC. 

Rather  than  calculate  the  temperature  from  the  determination  of  the 
speed  of  sound,  the  temperature  within  the  chamber  was  lowered  in  incre¬ 
ments  of  1CPC  between  the  limits  of  20°C  and  -70°C  while  the  chamber 
pressure  was  maintained  at  670  mm  Hg.  At  this  pressure  the  thermo¬ 
couple  correctly  read  the  air  temperature.  The  elapsed  time  between  the 
pulsing  of  the  speaker  and  the  arrival  of  the  sound  front  at  the  micro¬ 
phone  v-:  determined  from  observation  of  the  oscilloscope  sweep.  This 
was  done  at  each  temperature  increment.  The  distance  interval  from  the 
beginning  of  the  oscilloscope  sweep  to  the  leading  edge  of  the  pulse 
from  the  receiving  microphone  was  plotted  as  a  function  of  temperature 
of  the  thermocouple  used  to  determine  the  air  temperature  within  the 
chamber.  This  procedure  was  followed  at  pressures  of  670,  87,  8  and  1 
am  Hg,  corresponding  to  altitudes  of  b,000,  50,000,  100,000  and  150,000 
ft  respectively. 

From  these  data,  the  air  temperature  as  a  function  of  Indicated 
thermocouple  temperature  was  plotted  in  Figure  1. 

III.  DETERMINATION  OF  Re  (670  mm  Hg) 

The  resistance  of  the  thermistor  was  determined  as  a  function  of 
air  temperature.  This  was  accomplished  in  two  ways: 

METHOD  1:  By  placing  a  high- impedance  obaneter  across  the 
thermistor  to  measure  the  resistance  directly. 

METHOD  2:  By  determination  of  the  resistance  from  voltage- 

1  6n  the  basis  of  data  taken  from  scheduled  firings  of  the  Meteorological 
Rocket  Network. 
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current  calculations  at  constant  powers  of  1,  5* 
and  10  microwatts.  It  vas  found  that  the  resistance 
characteristics  of  the  thermistor  were  the  same  at 
powers  between  1  and  10  microwatts.  When  this 
was  determined,  Method  1  was  used  for  subsequent  tests. 

These  data  are  presented  in  Figures  2-6,  inclusive.  The  numbers  be¬ 
side  each  point  in  Figure  2  indicate  the  current  that  flowed  through  the 
thermistor  when  its  resistance  was  determined  by  use  of  the  high- 
impedance  ohameter.  The  type  of  coating  used  in  each  case  is  indicated 
on  each  figure.  Each  test  vas  run  at  670  mm  Hg  pressure.  Sufficient 
time  was  allowed  between  each  determination  of  resistance  to  allow  the 
chamber  to  reach  equilibrium  temperatures  and  pressure.  The  wall 
temperatures  of  the  chamber  were  determined  by  thermocouples.  The 
resistance  of  the  thermistor  was  essentially  the  same  when  coated  with 
Krylon  white  enamel  as  when  coated  with  carbon  black  or  aluminum. 

IV.  . IffiTBramtATIOW  OF  «o  (  1  mm  Hg) . -  -  - 

The  resistance  of  the  thermistor  was  determined  as  a  function  of 
temperature  in  the  same  manner  as  described  for  the  determination  of 
Ro  at  670  mm  Hg.  A  difficulty  was  experienced  here  in  that  equilibrium 
temperatures  could  not  be  reached  within  the  chamber  at  air  tempera¬ 
tures  below  -50OC.  Nevertheless,  it  was  determined  that  the  thermo¬ 
couple  and  the  thermistor,  both  of  which  were  supposedly  reading  the  air 
temperature,  were  in  radiative  equlllblrum  with  the  walls  of  the  chamber. 

V.  CHAMBER  WALL  EFFECTS 

When  it  was  noted  that  the  thermistor  was  not  reading  the  air  tem¬ 
perature  within  the  test  chamber  at  a  pressure  of  1  mm  Hg,  a  study  was 
made  of  the  effect  of  the  walls  on  the  thermistor  and  thermocouple. 

These  tests  were  performed  at  670,  87,  8  and  1  mm  Hg.  Thermocouples 
were  placed  on  the  six  walls  of  the  chamber,  and  one  was  placed  in  the 
air  at  the  center  of  the  chamber.  The  chamber  was  brought  to  equili¬ 
brium  temperatures  and  pressure  before  each  determination  of  air 
temperature.  An  elapsed  time  of  approximately  three  hours  was  neces¬ 
sary  for  the  chamber  to  reach  equilibrium  at  pressures  of  8  and  1  mm 
Hg.  The  air  temperature  vas  determined  by  the  acoustic  thermometer 
described  above.  Since  each  wall  had  essentially  the  same  area,  an  av¬ 
erage  of  the  wall  temperatures  was  determined  and  plotted  as  a  function 
of  the  air  temperature  in  Figure  7  and  as  a  function  of  thermocouple 
temperature  in  Figure  8.  The  thermistor  temperature  as  a  function  of 
thermocouple  temperature  was  determined  and  plotted  in  Figure  9.  The 
data  presented  in  Figures  7,  8,  and  9  indicate  that  the  thermocouple  and 
thermistor  were  in  thermal  equilibirum  with  the  walls  of  the  test 
chamber  at  a  pressure  of  1  mm  Hg. 
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DETAILED  ACOUSTIC  STRUCTURE  ABOVE  THE  TROPOPAUBE 
Willis  L.  Webb 

U.  S.  Amy  Signal  Missile  Support  Agency 
White  Sands  Missile  Range,  New  Mexico 


I.  INTRODUCTION 

Sufficient  data  on  atmospheric  thermal  and  flew  structure  now  exists 
between  the  surface  and  60,000  feet  to  permit  a  realistic  analysis  of 
sound  propagation  parameters.  In  many  atmospheric  acoustical  problems  the 
pressure  perturbation  energy  passes  through  higher  levels  of  the  atmosphere 
which  have  only  recently  come  under  observational  scrutiny.  MBan  profiles 
of  reasonable  accuracy  have  been  obtained  for  several  geographic  locations  (1). 
An  understanding  of  mesospheric  sonic  structure  is  just  becoming  possible 
as  the  sensitivity  and  accuracy  of  available  sensing  techniques  become 
established. 

Theoretical  and  experimental  studies  of  the  response  characteristics 
of  wind  and  temperature  sensors  which  are  currently  available  for  applica¬ 
tion  in  the  mesospheric  region  indicate  error  values  which  are  smaller 
than  spatial  and  time  variations.  In  view  of  the  gross  scale  of  most 
atmospheric  acoustical  problems,  the  data  appear  to  be  adequate  for 
most  detailed  studies.  An  obvious  exception  to  this  conclusion  is  found 
in  the  acoustical  data  needed  for  local  analysis  of  the  drag  experienced 
by  a  supersonic  vehicle  or  the  coupling  of  transducer  energy  into  the 
acoustical  environment.  Improvements  in  current  measuring  techniques  may 
well  prove  to  be  desirable,  and  are  generally  considered  possible.  The 
more  difficult  problem  very  likely  centers  around  the  selection  of  an 
observation  program  which  will  furnish  adequate  data. 

Atmospheric  acoustical  scientists  have  long  studied  the  complex  wave 
forms  which  are  observed  at  distances  of  the  order  of  hundreds  of  kilometers 
from  relatively  simple  acoustical  inputs  such  as  explosions.  These 
environmental  alterations  of  the  propagation  pressure  waves  are  undoubtedly 
associated  with  the  spatial  acoustic  structure  of  the  atmospheric  region 
involved,  and  there  is  reason  to  expect  a  maximum  modifying  influence  at 
the  levels  where  wave  frontal  propagation  rays  approach  or  leave  the 
horisontal.  One  must,  therefore,  even  in  a  preliminary  survey,  have 
data  from  the  earth's  surface  to  the  sonic  mesopeak,  since  the  occurrence 
of  gracing  incidence  ray  paths  is  to  be  expected  at  all  levels.  The 
scale  of  the  detail  which  will  orove  to  be  most  interesting  is  not  clear. 

We  will  proceed,  therefore,  from  the  lower  major  atmospheric  duct  (sur¬ 
face  to  mesopeak),  which  has  been  delineated  in  an  earlier  paper  (1),  to 
smaller  scale  features  until  the  limits  of  resolution  of  our  sensors  are 
reached. 

A  cursory  examination  of  the  available  atmospheric  acoustic  structure 
profiles  indicates  that  a  considerable  degree  of  variability  exists. 

Large  scale  deviations  from  the  mean  occur  occasionally,  with  sub-ducting 
features  reaching  magnitudes  of  the  order  of  one-half  the  strength  of  the 
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major  duct  and  several  tens  of  thousands  of  feet  thick.  Haaroui  smaller 
excursions  are  observed,  and  it  is  undoubtedly  true  that  soae  of  the  fine 
scale  sonic  structure  is  lost  in  the  inability  of  the  sensors  to  adequately 
depict  the  actual  situation. 

II.  APPLICABILITY  OF  THE  AVAILABLE  MCA 

The  atmospheric  speed  of  sound  data  used  in  this  study  were  determined 
primarily  from  flow  and  temperature  data.  The  most  active  atmospheric 
variable  which  affects  the  speed  of  sound  is  the  flow.  Winds  of  the  order 
of  several  hundreds  of  miles  per  hour  have  been  observed  and  are  known 
to  be  highly  variable  in  space  and  time.  The  temperature  structure  of  the 
atmosphere,  while  complex,  is  generally  much  more  conservative  with  re¬ 
gard  to  extreme  values.  Other  parameters,  such  as  atmospheric  composition, 
will  undoubtedly  have  an  effect  on  the  local  sound  speed.  For  purposes 
of  this  report  the  latter  effects  are  neglected,  chiefly  because  of  the 
lack  of  suitable  instrumentation  for  data  acquisition. 

Ho  single  system  currently  exists  which  is  capable  of  obtaining  wind 
data  over  the  entire  region  of  interest  (surface  to  200,000  feet)  with  any 
reasonable  efficiency.  The  technique  thus  far  employed  consists  of  a 
balloon  sounding  (approximately  1000  feet  per  second  ascent  rate)  from 
the  surface  to  balloon  burst,  which  occurs  near  100,000  feet  in  the 
most  efficient  systems.  Meteorological  data  in  the  upper  portion  Of 
the  atmospheric  acoustic  duct  are  obtained. throughiuse>o£i  wmsJdSti|yatemp, 
the  more  desirable  of  which  Involves  a  coherent  radar  reflector  which 
accurately  drifts  with  the  wind  and  carries  a  temperature  sensing  system. 

The  principal  problem  involved  in  sensing  the  wind  accurately  centers 
around  the  fall  rate.  It  is  desirable  to  attain  a  fall  rate  of  the  order 
of  250  feet  per  second  or  less.  If  the  particular  sensor  does  have  such 
a  characteristic  at  200,000  feet,  the  gross  increase  in  density  (decrease 
In  fall  rate)  serves  to  prolong  the  fall  to  unusable  proportions  below 
75,000  feet.  The  data  published  by  Beyers  and  Thiele  (2)  indicates  a  prob¬ 
able  fall  rate  of  375  feet  per  second  at  200,000  feet,  210  feet  per  second 
at  165,000  feet  and  60  feet  per  second  at  100,000  feet  for  the  system  used 
to  obtain  the  data  analysed  in  this  report.  Further  losses  In  sensitivity 
are  encountered  in  the  system  tracking  and  data  processing.  These  factors 
obscure  details  of  the  acoustic  structure  which  have  dimensions  of  less 
than  10,000  feet  in  the  region  above  150,000  feet,  with  resolutions  of 
less  than  5,000  feet  the  rule  from  150,000  feet  to  the  bottom  of  the 
sounding. 

The  measurement  of  temperature  at  altitudes  of  150,000  and  200,000  feet 
presents  a  number  of  new  problems  in  sensing  and  telemetry  techniques. 

These  problems  have  been  carefully  considered  by  Clark,  Vagner  and  Ballard 
(3 ,  k,  5)  with  the  conclusion  that  the  data  are  reliable  to  within  five 
degrees  over  the  region  of  Interest.  Much  of  the  error  is  absolute  magni¬ 
tude  in  character,  and  the  observed  gradients  over  small  height  differences 
can  be  relied  upon  to  much  greater  accuracy.  The  speed  of  response  of  the 
sensors  is  adequate  to  nrovide  wr  nflf,  response  to  a  1000-foot  interval 
step  function  at  the  least:.,  sensitive, ,  points  ofcteterfcatc^  baeefcftf  fcksisonic 
mesopeak).  10i 


III.  TYPICAL  DATA 


Particular  attention  will  be  devoted  to  the  nature  of  the  observed 
details  of  atmospheric  acoustic  structure  in  the  newly  invaded  lower 
mesosphere.  Design  criteria  for  the  meteorological  rocket  system  called 
for  sensor  deployment  at  200,000  feet  or  above  when  launched  from  sealevel. 
Inadequate  rocket  performance  or  difficulties  in  the  deployment  technique 
occasionally  resulted  in  a  lower  peak  data  acquisition  altitude,  although 
at  White  Sands  Missile  Range  (elevation  UOOO  feet)  the  peak  altitudes  are 
frequently  250,000  feet  or  higher.'  The  data  are  considered  adequate  for 
our  purposes  from  180,000  feet  down,  with  the  lower  limit  of  data  from  the 
rocket  borne  sensor  generally  around  60,000  feet,  established  principally 
by  the  time  which  can  be  devoted  to  observation. 

A  few  typical  examples  of  the  atmospheric  acoustic  structure  evaluated 
from  the  rocket  data  are  presented  in  Figures  1  through  k.  The  thermally 
induced  speed  of  sound  distribution,  representing  the  vertical  sonic  com- 
ponents,  and  the  structure  Tdr  *  horizontally  propagating~sound  front  from 
the  east  and  the  west  are  included  in  these  figures.  The  vertical  com¬ 
ponents  are  found  to  be  illustrative  of  the  more  conservative  case,  at  least 
in  the  gross  characteristics.  The  east-west  components  illustrate  the 
extreme  of  large  scale  variability.  The  north-south  components  have  been 
omitted  in  this  presentation  because  they  generally  fall  between  these 
extremes,  although  this  assumption  may  prove  unwarranted  in  the  very  fine 
scale  structure. 

The  -lata  obtained  on  22  July  1961  (Figure  1)  at  White  Sands  Missile 
Range  are  more  or  less  typical  of  the  acoustic  structure  in  the  lover  meso¬ 
sphere  in  mid-latitudes  in  summer.  We  find  a  weak  sonic  inversion  for  a 
sound  front  coming  from  the  west,  a  moderately  increasing  speed  of  sound 
with  height  for  a  vertically  propagating  sound  front,  and  a  strong  sonic 
inversion  far  a  so  and  front  approaching  from  the  east.  One  should  immedi¬ 
ately  note  that  Figures  2  through  1*  exhibit  the  inverse  situation  in  the 
east-west  components  with  a  favorable  ducting  structure  observed  for  an 
eastbound  sound  front"  during  the  winter  season.  These  observations  are 
treated  in  somewhat  greater  detail  in  reference  1. 

Inspection  of  the  thermally  induced  sonic  profiles  (center  curves)  con¬ 
firms  the  expected  rather  c-njervative  character  of  these  data  relative 
to  gross  differences.  They  do  exhibit,  however,  marked  differences  in 
details.  The  data  for  White  Sands  Missile  Range  on  22  July  I960  (Figure  1) 
at  about  120,000  feet  present  an  unusual  degree  of  complexity.  All  of  the 
thermally  induced  profiles  show  a  smoothing  trend  at  higher  altitudes. 

This  trend  undoubtedly  is  a  combined  result  of  increasing  atmospheric 
homogeneity  (which  seems  reasonable  theoretically)  and  a  deteriorating 
capability  of  the  temperature  sensor  to  respond  to  small  scale  changes 
which  becomes  important  at  the  extreme  high  altitudes. 

The  east  and  west  component  profiles,  which  result  from  combined 
temperature  and  vrind  effects  on  the  sonic  profile^  are  frequently  several 
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tent  of  foot  per  oeoond  over  rortrlotod  height  interval*  (of  tho  order  of 
thousands  of  foot)*  Obe  would  expect,  therefore,!  that  tho  stronger  gradients 
will  be  found  In  restricted  height  intervals  as  the  generating  influences 
happen  to  favorably  combine. 

Frequent  reversals  of  the  temperature  and  wind  induced  sonic  gradients 
result  in  the  formation  of  sub-ducts  which  can  be  expected  to  exert  a  pro¬ 
found  influence  on  a  propagating  sound  front.  Thermal  gradients  produce 
relatively  minor  sub-ducts,  generally  less  than  10,000  feet  thick  and  the 
order  of  ten  feet  per  second  in  intensity.  An  example  of  the  more  pro¬ 
nounced  class  of  thermally  induced  sub-ducts  is  centered  around  lkk,000 
feet  in  the  Fort  ChurchJ.ll  sounding  of  17  November  I960  (Figure  U).  This 
sub-duct  is  approximately  eight  thousand  feet  thick  and  has  a  strength  of 
about  10  feet  per  second.  An  extreme  case  is  found  in  the  22  July  I960 
(Figure  1)  sounding  at  White  Sands  Missile  Range  at  an  altitude  of  12U,000 
feet.  The  duct  is  quite  thin,  approximately  3000  feet  thick,  and  has  an 
intensity  of  same  20  feet  per  second. 


The  sub-ducts  formed  by  wind  shears  exhibit  structures  which  range  from 
the  smallest  scale  decernable  to  gross  features  several  tens  of  thousands 
of  feet  thick  and  several  tens  of  feet  per  second  in  intensity.  In  general, 
the  larger  sub-duets  appear' in  the  near  isosonic  profiles  as  is  illustrated 
in  the  east  component  of  the  sounding  obtained  at  White  Sands  Missile  Ran»e 
on  U  November  I960  (Figure  2).  This  sub -duct  has  an  intensity  of  about 
50  feet  per  second  and  a  thickness  of  seme  i*U,000  feet  centered  about  s 
duct  minimum  of  905  feet  per  second  st  13k, 000  feet. 

A  more  typical  example  is  represented  by  the  sub -duct  centered  at 
97,000  feet  on  the  sane  graph  or  the  sub-duct  centered  at  88,000  feet  on 
the  west  component  of  the  same  sounding.  A  more  extreme  case  is  found 
in  the  east  component  of  the  sounding  obtained  at  Pacific  Missile  Range, 
Point  Mugu,  California,  on  Ik  November  I960  (Figure  3).  The  sub-duct  is 
some  60  feet  per  second  in  intensity  and  about  9000  feet  thick,  centered 
about  a  minimum  of  790  feet  per  second  at  126,000  feet. 

IV.  SEASONAL  COURSE  CF  THE  SONIC  INVERSION  GRADIENT 

It  is  clear  from  the  data  presented  in  reference  (1)  that  a  marked 
seasonal  and  latitudinal  variability  exists  in  the  sonic  structure  of  the 
upper  portion  of  the  principal  atmospheric  duct*  This  variability  is  in¬ 
duced  primarily  by  the  circulation  pattern  in  the  lower  mesosphere.  Immedi¬ 
ately  above  the  tropopause'  one  generally  finds  increasing  westerly  winds 
with  height  in  winter,  while  in  the  summer  the  reverse  situation  of 
increasingly  easterly  winds  with  height  is  the  rule.  The  seasonal  changes 
in  these  flows  are  of  major  interest,  as  are  the  details  which  are  a 
part  of  the  day-to-day  atmospheric  structure. 

Observational  problems  have  severely  limited  the  atmospheric  structure 
data  available  in  the  region  from  the  tropopause  to  the  mesopeak.  The 
Meteorological  Rocket  Network  began  in  I960  the  routine  sounding  of  thermal 


and  wind  structure  from  which  the  qneed  of.  round  enn  he  evn lusted  ( £ )  • 

The  data  vhich  haws  beenaoqdired'  to  date  are  considered  adequate  for  a  gross 
inspection  of  tue  space  and  time  variability  of  the  general  sonic  gradient 
above  the  tropopause . 

As  is  illustrated  in  Figure  5,  the  lower  nesoshperic  sonic  gradient 
experienced  by  a  sound  wave  approaching  in  the  horizontal  plane  from  the 
west  is  a  strong  function  of  the  season .  The  mid- latitude  gradient  varies 
frost  a  maximum  of  5  to  6  x  10  "3  per  second  in  January  to  a  adniaust  of 
1  x  10~3  second  just  after  the  middle  of  July.  The  curve  is  charac¬ 
terized  by  a  relatively  moderate  slope  during  the  spring  months,  while  the 
fall  period  shows  a  quite  rapid  change. 

The  regime  in  the  sub-polar  regions  is  decidedly  different  from  the 
mid- latitude  case.  The  peak  amplitude  reaches  a  value  of  only  4  x  10“ 3 
per  second  in  the  winter  while  the  sumer  minimum  falls  to  .8  x  10' 3  per 
second.  The  thee  of  occurrence  is  considerably  earlier  in  the  sub -polar 
case  with  the  minimum  in  mid-June,  over  a  month  earlier  than  the  corre¬ 
sponding  mid- latitude  case. 

The  significance  of  these  data  is  indicated  by  the  curves  presented 
in  Figure  6.  The  dashed  curve?  indicate  the  range  of  values  observed  t.bue 
far.  The  data  are  of  markedly  'dlffefent  character  durlAg  the  spring  and  fall 
seasons,  with  cross-over  periods  during  early  winter  and  summer,  during 
which  times  the  data  are  quite  similar. 

One  should  view  the  data  presented  here  with  a  certain  amount  of 
caution.  The  curves  represent  mean  values  based  on  data  which  were 
obtained  over  relatively  short  intervals  of  intensive  observation,  with 
appreciable  interpolation  required  during  the  interim  periods .  One  can 
export,  t.hnt,  the  curves  will  show  considerable  detail  vh*»n  sufficient  ds+s 
are  available  for  daily,  weekly  or  monthly:  means  are  obtained,  or  when  the 
means  are  made  up  of  more  restricted  latitude  belts. 

V.  THE  VERTICAL  EXTHTT  OF  80UHD  GRADIENT  LAVERS 

The  significance  of  a  gradient  in  a  sonic  profile  is  directly 
affected  by  the  parametric  interval  over  which  it  is  effective.  The 
atmospheric  processes  which  establish  the  sonic  gradient  at  a  point  may 
combine  to  give  a  wide  variety  of  values,  hut  physical  considerations 
relative  to  the  permissible  ext reams  values  of  these  contributing  factors 
limits  the  total  change  in  sound  velocity,  which  serves  to  define  the 
sonic  gradient  over  a  particular  height  Interval.  The  magnitude  of  the 
overall  sonic  inversion  in  the  lower  mesosphere  has  been  indicated  in 
Figure  6.  It  is  of  Interest  to  Inspect  the  available  data  for  relations 
between  the  strength  and  the  depth  of  the  observed  gradients. 

Figure  7  presents  the  results  of  an  analysis  of  the  average  values  of 
the  maximum  sonic  gradients  observed  over  various  height  intervals.  In 
view  of  the  data  contained' in  Figure  6,  the  data  presented  In  Figure  7  have 
been  separated  into  sub -polar  and  mid-latitude  cases.  One  should  note  that 
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II  -  6  Figure  7.  Tbe  average  values  of  — xlwsi  speed  of  sound  gradient 
observed  as  a  function  of  the  sanple  thickness  interval.  The  vertical 
component  data  vac  reduced  in  5  feet  per  second  intervals,  tM  vest  component 
data  vas  reduced  at  10  feet  per  second  intervals,  and  points  were  obtained 
for  thickness  Intervals  of  less  than  5,000,  5,000-10,000,  and  10,000-20,000  feet 


111 


the  average  of  the  twurtii—  gradients  presented  here  are  In  general  agree¬ 
ment  with  the  average  values  of  the  curves  in  Figure  6,  with  the  sub -polar 
Inversion  significantly  weaker  than  the  mld-latltude  case. 

As  the  height  Interval  is  decreased  the  maximum  observed  gradient 
exhibits  an  increasing  trend.  The  data  shows  a  doubling  of  the  value  by 
the  time  the  Interval  diminished  to  3000  feet .  The  difference  in  sub¬ 
polar  and  mid-latitude  date  at  gross  intervals  is  absent  when  the  Interval 
is  reduced  to  10,000  feet,  and  the  sub-polar  case  shows  slightly  stronger 
gradients  at  3000  feet. 

VI.  SUB-DUCTS  IN  THE  LOWER  MESOSPHERE 

The  occurrence  of  sub-ducts,  defined  as  a  region  bounded  by  increasing 
speed  above  and  below  a  speed  minimum,  is  comparatively  ccmnon  in  the  lower 

misosphsre.  They  are  most  effectively  formed  by  the  meteorological  _ 

variables  when  the  general  sonic  gradient  is  minimal.  We  would,  then,  expect 
them  to  be  most  plentiful  in  the  extreme  lower  mesosphere,  immediately  above 
the  tropopause,  and  throughout  the  lower  mesosphere  for  the  east  component 
in  the  winter  and  west  component  in  the  summer. 

An  examination  of  the  data  indicates  a  relatively  narrow  spectrum 
of  thermally  Induced  (vertical  components)  sub-ducts,  with  a  strong 
predominance  of  weak  ducts.  The  stronger  sub-ducts  occur  frequently  in 
the  horizontal  component  cases,  although  the  smaller  scale  phenomenon  are 
still  more  prevalent.  The  strength  of  a  particular  sub-duct,  from  the 
acoustical  point  of  view,  is  a  function  of  the  gradients  involved  and  the 
depth  of  the  layer  over  which  they  are  active. 

A  summary  of  the  frequency  of  occurrence  of  various  intensity  sub¬ 
ducts  for  the  vert iced  and  west  components  is  presented  in  Figure  8.  The 
data  were  obtained  by  observing  the  difference  between  the  minimum  sound 
speed  in  the  sub-duct  and  the  weaker  of  the  duct  defining  higher  sound 
speeds  above  or  below  the  duct  center.  A  total  of  228  cases  were  employed 
in  developing  the  vertical  component  curve;  363  cases  were  used  in  the 
vest  component.  These  sets  of  data  represent  all  of  the  observed  com¬ 
ponent  sub-ducts  in  a  total  of  30  observations. 

The  small  scale  of  temperature  variations  which  serve  to  produce  sub¬ 
ducts  is  illustrated  in  Figure  8.  Practically  no  cases  are  noted  where 
the  intensities  are  greater  than  23  feet  per  second,  and  a  large  majority 
of  the  observed  features  are  less  than  3  feet  per  second  in  Intensity. 

The  curve  obtained  for  the  west  component  exhibits  a  distinctly 
different  character.  Intensities  as  high  as  75  feet  per  second  occur, 
although  instances  of  data  in  excess  of  1+0  feet  per  second  are  relatively 
rare.  One  should  remember  that  the  temperature  induced  sub-ducts  contribute 
to  the  vest  component  data,  although  the  wind  imposed  gradients  way  serve 
to  reduce  the  effectiveness  of  particular  thermal  gradients  in  sub-duct 
production.  The  increase  in  frequency  observed  at  intensities  below  23 
feet  per  second  is  partially  due  to  the  thermally  induced  sub-ducts  main¬ 
taining  their  Identity  in  the  west  component  profile. 
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II  -  6  Figure  8.  Frequency  of  occurrence  of  sub-ducts  of  various 
intensities  for  the  vertical  components  (temperature)  and  the  vest 
component .  Data  were  reduced  at  5  foot  per  second  Intervals  for  the  vertical 
components  and  10  foot  per  second  in  the  vest  component . 


113 


The  frequency  of  occurrence  of  sub-ducts  as  a  function  of  thickness  Is 
presented  in  Figure  9-  Occurrences  were  evaj.uau.-u  for  i^,oOO»foot  intervals 
and  the  data  plotted  at  the  midpoints;  836  cases  were  observed  in  the  80 
soundings  analysed.  Tt  is  clear  that  a  large  majority  of  the  sub-ducts  are 
less  than  10,000  feet  thick,  and  that  sub-ducts  greater  than  30,000  feet 
thick  are  uncommon. 

An  understanding  of  the  vertical  distribution  of  sub-duct  centers  is 
required  before  we  possess  adequate  knowledge  relative  to  the  detailed 
structure  of  the  lower  mesosphere.  The  distributions  of  vertical  and  west 
component  minor  sub-duct  centers  in  relation  to  height  are  presented  in 
Figure  10.  Those  sub-ducts  that  were  less  than  10,000  feet  in  thickness 
were  give’"  ordinary  consideration  in  this  summary,  with  data  on  sub-ducts 
in  10,000  -  20 ,000 -foot  range  included.  A  total  of  299  cases  were  used 
in  10,000-foot  height  intervals  to  develop  the  vertical  component  curve, 

252  cases  in  the  same  height  intervals  were  employed  in  the  west  component 
case,  and  Jh  cases  were  included  in  the  10,000  -  20,000  curve. 

The  amount  of  data  available  below  80,000  feet  decreases  due  to  aban¬ 
doning  of  the  rocket  deployed  parachute  as  the  winds  drift  it  away  and  the 
available  observation  time  is  exhausted.  Therefore,  the  data  do  not 
conclusively  prove  the  existence  of  a  maximum  in  the  distribution  curve 
in  the  80,000  -  .100, 000-foot  height  interval.  It  would  be  interesting  to 
include  the  radiosonde  data,  since  there  is  some  reason  to  accept  the 
indications  of  a  more  uniform  atmospheric  acoustic  structure  in  the  vicinity 
of  the  tropopause. 

The  general  trend  of  the  curves  above  100,000  feet  is  toward  a  more 
stable  atmospheric  acoustic  structure.  This  trend  is  well  established  be¬ 
fore  one  gets  into  the  regions  where  one  can  seriously  question  the  ability 
of  the  system  to  detect  the  presence  of  such  details .  The  data  presented 
for  the  10,000  -  20,000-foot  interval  curve  indicate  a  loss  of  sensitivity 
in  the  smaller  (  10,000-foot)  interval  data  in  the  140,000  foot  region, 

but  furnishes  support  for  the  decreasing  frequency  trend  which  is  apparent 
in  all  of  the  data.  It  seems  likely  that  the  variations  in  the  vertical 
component  curve  at  about  100,000  feet  is  partly  due  to  the  relatively 
small  amount  of  data  available.  If  one  smooths  the  vertical  component 
curve  to  the  general  shape  of  the  west  component  curve  the  maximum  in  the 
vertical  component  curve  will  appear  around  95 >000  feet,  some  10,000  feet 
above  the  maximum  in  the  west  component  curve. 

The  curves  are  essentially  similar  over  the  remainder  of  the  altitude 
range  consldei’ed.  It  may  well  be  significant  that  this  maximum  occurs  in 
the  altitude  range  which  is  characterized  by  strong  positive  temperature 
gradients  and  strong  gradients  in  the  flow.  The  situation  at  150,000  feet 
represents  a  generally  more  isosonic  distribution.  One  would  surmize  that 
regions  of  the  mesosphere  in  which  the  maximum  amount  of  detail  is  to  b- 
fornd  are  the  regions  of  maximum  sonic  gradient.  This  is  not  particularly 
surprising  to  the  meteorologist. 
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Altitude  (X103  feet) 


II  -  6  Figure  10.  Frequency  of  occurrence,  with  height  of  vertical  and  west 
component  sub-ducts  less  than  10,000  feet  thick.  The  dashed-dot  curve  pre¬ 
sents  data  on  vest  component  sub-ducts  between  10,000  and  20,000  feet  thick. 
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The  meteorological  factors  which  serve  to  establish  the  thermal  and 
flow  gradients  in  the  100, 000 -foot  region  are  not  uniquely  related.  Hie 
local  temperature  may  be  the  result  of  radiational  processes,  while  the 
larger  scale  adjustments  in  the  pressure  field  have  a  controlling  influence 
on  the  local  flow  profile. 

VII.  CONCLUSIONS 

The  gross  atmospheric  acoustic  structure  variations  result  primarily 
from  changes  in  the  atmospheric  circulation,  The  principal  effect  is 
observed  in  the  sonic  profiles  for  sound  fronts  approaching  from  the  west 
and  the  east.  The  lower  mesospheric  sonic  gradient  in  mid- latitudes  is 
positive  and  strong  in  the  winter  season,  with  a  minimum  in  late  summer. 

The  sub-polar  curve  is  about  10$  behind  in  phase. 

The  magnitude  of  the  sonic  gradient  demonstrates  its  maximum  value  as 
the  height  interval  is  decreased.  Lower  average  gradients  which  are  found 
in  the  sub-polar  regions  when  viewed  on  the  gross  scale  approach  the  mid- 

latitude  valua  aa  the  height  interval  is  -decreased.  The  data  Indicate 
similar  physical  processes  are  concerned  with  small  scale  sonic  structure 
at  all  latitudes,  while  significantly  different  situations  must  exist 
relative  to  the  gross  features. 

Sub-ducts  occur  frequently  in  the  atmospheric  acoustic  structure. 

Small  sub-ducts,  of  the  order  of  10  feet  per  second  in  intensity  and  a  few 
thousand  feet  thick,  are  most  plentiful,  although  occasionally  a  sub-duct 
will  have  dimensions  approaching  one  half  those  of  the  major  duct.  Fre¬ 
quency  of  occurrence  of  sub-ducts  with  height  decreases  above  100,000  feet, 
by  an  order  of  magnitude  at  the  sonic  mesopeak  in  the  case  of  the  vertical 
components,  and  by  a  factor  of  two  in  the  case  of  the  west  component . 

The  atmospheric  acoustic  structure  exhibits  a  large  amount  of  detail. 
The  nature  of  these  details  is  such  that  they  vlll  exert  a  pronounced  effect 
on  numerous  atmospheric  acoustical  problems.  Accurate  speed  of  sound 
structure  data  appears  to  be  a  necessary  part  of  any  comprehensive  study 
of  acoustic  propagation  in  the  atmosphere,  as  well  as  other  projects  which 
include  the  use  of  sound  velocity  as  a  significant  parameter. 
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I*  Introduction, 

*  K 

Ulc  capacitor  microphone  Is  on*  of  the  most  useful  and  efficient 
acoustic  transducers  In  the  lnfrasonic  range.  particularly  when  used  In 
conjunction  vith  balloon  borna  telemetry  systems. 

In  s  capacitor  microphone,  sound  preasuree  produce  variations  in 
microphone  capadtanca.  Par  telemetering  and  recording  purposes,  these 
variations  In  capacitance  hare  to  be  transduced  to  variations  of  sans 
electrical  parameter  such  as  voltage,  current,  of  frequency. 


The  objective  of  this  discussion  is  tvo-fold:  first  to  present  the 
characteristics  of  the  systems  that  can  be  used  to  convert  lew- frequency 

meter;  end  second,  to  discuss  the  requirements  of  balloon-borne  telemetry 
systems  best  suited  for  these  capacitor  microphone  systems,  the  analysis 
will  stress  the  following  requirements :  (l)  She  system  must  have  a  flat 

frequency  response  from  100  cps  down  to  at  least  1  cpa.  (2)  the  telemetering 
system  requirements  viU  be  based  on  the  criteria  that  variations  of 
microphone  capadtanca  corresponding  to  sound  pressures  from  one  dyne/ cm2 
(me)  to  0.01  djrnes/cm?  must  bo  detectable. 


H.  Capacitor  Microphone  Systems 
A.  Description 

In  order  to  convert  capacitor  variations  to  variations  of  some 
electrical  parameter,  the  capacitor  elsmant  of  the  microphone  can  be  used 
as  a  polarised  eleswnt,  as  s  bridge  Impedance  element,  or  aa  an  element  of 
a  tuned  circuit. 


figure  1-a  shears  the  system  when  the  microphone  capacitance  le  used 
as  a  polarised  element.  In  this  ease,  the  microphone  capadtanca  is  charged 
to  a  polarising  voltage  L  through  the  resistor  R  from  s  DC  voltage  supply. 
Variations  of  microphone  capacitance  dll  cause  variations  of  the  polar¬ 
ising  voltage,  sad  these  voltage  variations  mill  also  appear  across  the 
resistor  R.  In  practical  applications,  tbs  resistor  R  can  be  the  input  im¬ 
pedance  of  a  vacuum  tube.  Ibr  small  variations,  of  microphone  capadtanca, 
tha  equivalent  circuit  shewn  in  figure  1-b  can  be  derived.  1  Sxls  circuit 
consists  of  a  generator  operating  at  the  frequency  at  which  the  microphone 
capacitance  varies,  and  having  an  Internal  impedance  equivalent  to  that 
offered  by  the  steady  state  alcropbone  capadtanca,  G©.  She  voltage  mag¬ 
nitude  of  the  generator  Is  directly  proportional  to  the  product  of  the 
polarising  voltage  Xq  and  the  percent  change  In  microphone  capacitance, 
AC/C©. 
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CAPACITOR  MlCROPHONP  AS,  A  POLARIZED  ELEMENT 


osc 


The  second  method,  shewn  in  Figure  1-c,  utilises  the  capacitor  element 
of  the  microphone  as  the  impedance  of  one  aim  of  an  AC  bridge.  For 
simplicity,  we  have  assumed  that  the  other  arms  of  the  bridge  are  eoeposed 
of  similar  capacitances. 

In  this  type  of  System,  any  variation  of  the  microphone  capacitance 
will  vary  the  impedance  of  the  bridge  resulting  in  an  output  at  the  frequency 
of  the  generator  with  an  saplltude  proportional  to  the  change  in  micro¬ 
phone  capacitance.  Rectification  and  filtering  of  this  output  results 
in  a  voltage  that  varies  at  the  rate  of  the  microphone  capacitance  and 
is  proportional  to  the  change  in  microphone  capacitance.  In  actual  operation, 
the  bridge  is  off-balance  since,  otherwise,  frequency  doubling  will  occur. 

The  degree  of  unbalancing  depends  on  the  magnitude  of  the  change  in 
capacitance  expected.  Another  method  of  detection  that  can  be  used  is 
phase  comparison  between  the  input  and  output  voltage  of  the  bridge.2  How¬ 
ever,  this  method  will  not  be  considered  since  it  requires  balancing  of 
the  bridge  in  the  steady  state,  and  consequently,  complicates  the  system  when 
used  for  balloon-borne  operations. 

In  the  last  method  considered,  (Figure  1-d),  the  microphone  capacitance 
larvae  ~ae  one  of  the  tuning  elements  of  an  oscillator.  Consequently,  varia¬ 
tions  in  microphone  capacitance  result  in  a  variation  of  the  frequency  of 
oscillation.  A  voltage  output  which  is  a  function  of  the  change  in  micro¬ 
phone  capacitance  can  be  obtained  by  limiting  the  oscillator  output  voltage 
and  applying  the  limited  output  to  a  frequency  discriminator. 

B.  Frequency  Response 

The  electrical  frequency  response  characteristics  of  these  systems 
will  now  be  considered. 

Figure  2  shows  the  frequency  response  of  the  system  when  the  micro¬ 
phone  capacitance  le  used  as  a  polarized  element.  The  relative  voltage 
across  the  resistor  R  la  plotted  as  a  function  of  the  frequency  at  which  the 
microphone  capacitance  varies,  while  keeping  the  change  in  capacitance 
constant.  As  expected  from  the  equivalent  circuit,  the  frequency  response 
is  that  of  typical  RC  circuit:  at  low  frequencies,  the  voltige  across  R 
decreases  at  a  rate  of  6  db  per  octave.  At  high  frequencies,  this  voltage 
is  essentially  Independent  of  frequency.  The  output  drops  to  -3  db  at  the 
frequency  f  given  by  the  relation 


where  the  product  RC0  corresponds  to  the  RC  time  constant  of  the  circuit  in 
the  steady  state.  The  zero  db  reference  corresponds  to  the  voltage  across  R 
at  high  frequencies.  The  low  frequency  response  can  be  extended  by  increasing 
R,  or  by  paralleling  a  fixed  capacitor  to  the  capacitor  microphone.  How¬ 
ever,  the  latter  method  reduces  the  sensitivity  of  the  system. 

For  the  system  in  which  the  microphone  capacitance  ia  used  as  a  bridge 
impedance  element,  the  output  voltage  of  the  bridge  is  essentially  independent 
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of  the  rate  at  which  the  microphone  capacitance  varies.  The  low  frequency 
response  is  only  limited  by  the  stability  of  the  system.  The  high  frequency 
response  is  limited  by  the  carrier  frequency  and  the  low-pass  filter  used 
to  filter  the  carrier  after  rectification. 3 

For  the  system  where  the  microphone  capacitance  determines  the  frequency 
of  an  oscillator,  the  frequency  of  oscillation  is  again  essentially  inde¬ 
pendent  of  the  rate  at  which  the  microphone  capacitance  varies.  The  low 
frequency  response  is  limited  by  the  stability  of  the  oscillator,  and  high 
frequency  response  is  limited  by  the  oscillator  frequency  and  the  low  pass 
filter  in  the  frequency  discriminator.1*' 

C.  Sensitivity 

The  sensitivity  characteristics  of  the  capacitor  microphone  systems 
discussed  will  now  be  considered.  Figure  3  shows  an  outline  of  the  sensi¬ 
tivity  relations  of  each  of  the  systems  discussed.  The  relationships  shown 
are  eody  vmlid  when  the  chang*  in  mlCTophOSi  capacitance  is  such  smaller 
than  the  nominal  capacitance  of  the  microphone.  This  assumption  is  based 
on  the  fact  that  the  most  sensitive  capacitor  microphones  that  have  been 
constructed  for  balloon-borne  applications^  have  nominal  microphone  capaci¬ 
tances  of  about  one-tenth  picofarad  change  in  microphone  capacitance  per 
dyne  per  cm2  (ids). 

For  the  system  in  which  the  microphone  capacitance  is  used  as  a 
polarized  element,  it  was  previously  shewn  that  the  voltage,  V,  of  the 
equivalent  generator,  resulting  from  a  small  variation  in  microphone  capaci¬ 
tance,  is  given  by  the  relation 

where  Kq  and  Co  corresponded  to  the  polarizing  voltage  and  microphone 
capacitance,  respectively. 

For  the  system  in  which  the  microphone  capacitance  is  used  as  a  bridge 
impedance  element,  the  output  of  the  bridge,  V,  for  small  change,  AC,  in 
microphone  capacitance,  is  given  approximately  by  the  expression 

where  K  and  C0  correspond  to  the  input  voltage  to  the  bridge  and  the  steady 
state  microphone  capacitance,  respectively.  ,  The  above  expression  was  ob¬ 
tained  by  finding  the  relation  between  the  output  and  input  voltage  as  a , 
fundtlon  of  the  arm  Impedances  of  the  bridge.  The  assumption  was  also  mads 
that  the  impedances  were  capacitances,  that  the  bridge  was  near  the  balance 
position  in  the  steady-state,  and  that  the  internal  lagedance  of  the  generator 
was  low. 

Finally,  for  the  system  in  vhich  the  microphone  capacitance  is  used  as 
the  tuning  element  of  an  oscillator,  the  frequency  of  oscillation,  due  to 
a  email  change, A  C,  of  microphone  capacitance,  can  be  expressed  by  the 
relation 
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vhere  f0  corresponds  to  the  center  frequency  u  date  rained,  by  the  steady- 
state  capacitance,  C-.  The  above  expression  was  found  by  assuming  that 
the  frequency  of  oscillation  is  given  by  the  expression 


AirfLC 


vhere  L  and  C  correspond  to  the  oscillator  inductance  and  microphone  capaci¬ 
tance,  respectively.  The  frequency  Of  oscillation  as  »  ftaetiofc'af  variation 
in  capacitance  vas  also  investigated  for  other  types  of  oscillators.  How¬ 
ever,  the  expressions  obtained  were  found  to  be  either  equivalent  to  the 
expression  shown  above,  or,  less  sensitive  to  the  variation  of  capacitance. h 

The  last  column  of  Figure  3  shews  typical  numerical  values  of  the  vari¬ 
ation  in  electrical  parameters  of  the  microphone  systems  for  an  assumed  sound 
pxessure  of  one  dyne/ cm2,  a  capacitor  microphone  vith  a  nominal  capacitance 
of  100  picofarads  and  a  sensitivity  of  one-tenth  picofarad  change  of  micro¬ 
phone  capacitance  per  dyne/cm^  vas  assumed. 

_  fftr  the  rase  whfn  tha  capacitor  is-used  as-m-psi — 

ment  and  a  polarizing  voltage  of  50  volts  ia  assumed,  the  output  voltage 
corresponding  to  a  sound  pressure  of  one  dyne/cm2,  is  0,050  volts  peak-to- 
peak. 


lor  the  bridge- type  microphone  system,  vhere  the  input  voltage  to  the 
bridge  is  assumed  to  be  50  volts  peak-to-peak,  the  output  of  the  bridge 
varies  0.0125  volts  peak-to-peak. 

Jbr  the  oscillator  type  of  microphone  systan  if  a  center  frequency  of 
1.4  MCS  is  assuned,  the  frequency  deviation,  corresponding  to  a  sound  pres¬ 
sure  of  one  dyne/cm2,  is  *700  cps.  This  center  frequency  vas  assumed  since, 
if  the  oscillator  is  used  as  a  subcarrier  (see  section  III)  of  an  W  tele¬ 
metry  system,  the  maximum  frequency  deviation  corresponds  to  that  allowed  by 
IEIQ  ( Inter-Benge  Instnaoentatlon  Group)  standards. 

With  the  sensitivity  and  frequency  response  characteristics  for  each 
of  the  capacitor  microphone  systems  known,  the  requirements  of  balloon-borne 
telemetry  systems  best  suited  for  each  of  tha  above  systems  will  n ok  be  out¬ 
lined. 

Figure  4  shews  a  tel  mastering  ysf  tar  the  case  whan  the  capacitor 
microphone  is  used  as  a  polarized  element.  As  previously  mentioned,  the 
output  of  this  system  consists  of  a  voltage  that  varies  at  the  rate  of  the 
microphone  capacitance  and  is  proportional  to  the  change  in  capacitance,  if 
,  the  system  is  to  have  a  flat  frequency  response  below  100  cps,  the  input  hs- 
'  pedaace  to  the  amplifier  must  be  high.  However,  the  input  Impedance  require¬ 
ment  to  the  amplifier  can  be  reduced  by  paralleling  a  fixed  capacitor  to  the 
capacitor  microphone,  as  previously  mentioned,  or  If  the  seam  input  Impedance 
is  maintained,  the  low  frequency  response  can  be  extended.  Hie  rent  of  the 
telemetry  system  consists  of  a  modulator  and  transmitter  in  the  flight  unit, 
and  a  receiver  and  demodulator  in  the  ground  system,  pie  response  require¬ 
ments  of  these  components  are  easily  met  by  an  JM  or  Pulse  modulation  type 
telemetry  system. 
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CAPACITOR  KZ30PH 012  TELEFSTOT  SYSTEM  (F2LAP.UED  I YPE) 


\U 


FIGURE 


Fleur*  5  shows  an  IN  telemetry  system  for  the  cm*  vh*n  the  capacitor 
microphone  la  used  aa  a  bridge  inpedance  element.  9m  flight  unit  requires 
aa  oaclllator  for  the  bridge  and  aa  aaplifier  to  aaplify  the  output  of  the 
bridge.  9m  output  of  the  aopllfler  la  uaed  aa  the  subcarrler  which  fre¬ 
quency  modulates  the  transmitter.  9m  ground  system  detects  the  subcarrler 
which  la  then  rectified,  resulting  in  a  voltage  that  varies  at  the  rate  of 
the  microphone  capacitance  and  is  proportional  to  the  change  In  microphone 
capacitance.  If  an  IX  telemetry  system  Is  not  used,  rectification  of  the 
bridge  output  can  be  acccepllshed  in  the  flight  unit. 

Finally,  figure  6  shows  the  telemetry  system  best  suited  for  the  case 
when  the  capacitor  microphone  is  used  to  vary  the' frequency  of  an  oscillator. 
Essentially,  the  system  Is  an  IN- IN  telemetry  system.  9m  flight  unit  sim¬ 
ply  consists  of  a  sub  carrier  oscillator  whose  frequency  is  controlled  by  the 
microphone  capacitance.  9ils  sub  carrier  in  turn  frequency  modulates  the 
transmitter. 

9m  ground  system  la  more  complicated  since  the  marl  mum  frequency  deviation 

sharp  IN  discriminator  is  required  to  demodulate  the  ni>  carrier.  In  order 
to  accomplish  this,  the  original  subcarrler  baa  to  be  hetrodyned  with  a 
local  oaclllator  in  order  to  yield  an  Intermediate  frequency  carrier  that  can 
be  automatically  controlled.  9m  resulting  17  carrier  ie  uplifted,  limited, 
and  applied  to  the  IN  discriminator.  Automatic  frequency  control  (AFC)  Is 
used  to  control  the  local  oscillator  frequency  In  order  to  obtain  a  stable 
17  center  frequency.  9m  response  time  of  the  A FC  control  has  to  be  slower 
than  the  period  of  the  lowest  rate  of  frequency  deviation  to  be  detected. 
Frequency  multiplication  of  the  sub  carrier  can  increase  the  sensitivity  of 
the  system. 

9m  telemetry  systems ,  considered  vary  In  caqplexlty.  One  Important 
factor  In  determining  the  type  of  telemetry  system  used  depends  on  the  char¬ 
acteristics  of  the  transmitter  and  receiver.  Another  factor  that  has  to 
be  considered  is  cost.  For  example,  it  the  mmber  of  flight  units  great¬ 
ly  exceeds  the  number  of  ground  systems,  the  IN-IM  telemetry  system  uni- 
lizlng  the  capacitor  microphone  to  determine  the  frequency  of  a  sub  carrier  . 
would  prove  most  economical  since  the  telemeter  system  results  in  simple 
flight  unit  and  a  more  elaborate  ground  system.  On  the  other  hand,  if  very 
low-frequency  microphone  capacitance  variations  are  to  be  telemetered,  say 
below  one-  tenth  of  cps,  the  bridge-type  telemetry  system  would  prove  the 
most  practical. 
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Problems  In  the  Construction  of  Infrasonic  Microphones 

Mike  Izquierdo 
Texas  Western  College 
Schellenger  Research  Laboratories 


I.  Introduction 


The  following  discussion  is  a  summary  of  the  problems  and  solutions 
found  in  the  production  of  Infrasonic  Microphones  using  the  capacitor  micro¬ 
phone  as  a  polarized  element.  The  procedures  outlined  here  have  been  applied 
directly  to  the  Pulsonde,  in  the  production  of  3,000  units,  and  in  per¬ 
forming  over  10,000  acoustical  calibrations. 

The  result  of  the  techniques  apolied,  has  been: 

1st — An  increase  in  the  acceptance  rate  of  Pulsonde  units  from 
10*  to  90*. 

2nd — an  extension  of  the  low  frequency  3  db  point  from  5  cps  to 
1  cps. 

3rd — the  possibility  of  extending  the  system  frequency  response 
below  0.1  cps. 


Objectives 

It  was  decided  that,  for  satisfactory  performance,  the  microphone 
systems  would  have  to  meet  the  following  requirements: 

1.  An  acoustic  response  of  -3  db  from  1  to  100  cps. 

2.  A  sensitivity  of  one  volt  P-P  per  dyne  per  cm2. 

3.  Proper  operation  in  RF  fields. 

II.  Met  iods  of  Production  Testing 

To  achieve  the  requirements  outlined  above,  it  was  decided  that  two 
tests  would  be  necessary: 

A.  Electronic  Acceptance  Test 

Since  the  input  grid  impedance  of  the  microphone  tube  determined 
the  low  frequency  response,  a  production  technique  nad  to  be  developed  in 
order  to  measure  this  impedance.  Instead  of  measuring  the  impedance  by 
direct  methods,  it  was  decided  to  run  a  frequency  response  (Figure  1  ) 

by  using  the  microphone  capacitor  and  the  grid  impedance  as  impedance  ele¬ 
ments  in  series  with  a  low  frequency  oscillator.  The  output  voltage  at 
the  plate  of  the  microphone  tube  was  monitored  as  the  frequency  of  the 
oscillator  was  varied.  This  procedure  made  it  possible  to  analyze  the 
overall  system  response  without  determining  individual  component  values. 
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B.  Acoustical  Acceptance  Test 

Frequency  response  and  sensitivity  were  determined  using  a  low 
frequency  acoustical  source,  the  acoustical  pistonphone.  It  was  found  that 
this  testing  procedure  allowed  quick  detection  and  isolation  of  unsatisfactory 
responses,  whether  electrical  or  acoustical. 

III.  Problems  of  Production 

A.  Grid  Input  Impedance 

It  was  found  that  while  units  constructed  without  special  pre¬ 
cautions  had  a  low  frequency  3  db  point  of  5  to  8  cps,  the  response  could 
be  extended  to  3  to  5  cps  by  the  following  procedures: 

1.  Extra  care  in  cleaning  the  mounting  board, 

2.  cleaning  the  microphone  tube, 

3.  floating  the  connection  from  the  grid  of  the  tube  to  the 
capacitor  microphone  back  plate,  and 

li.  spraying  the  circuit  with  acrylic  resin. 

It  was  also  found,  experimentally,  that  by  selecting  tubes  with  a  low 
emission,  the  3  db  frequency  could  be  lowered  to  0.3  cps.  This  result  led 
to  lowering  the  plate  and  screen  voltages,  by  inserting  RU  (Figure  1  ), 
which  lowered  the  frequency  response  by  an  octave. 

The  final  result  of  the  modifications  outlined  was  that  the  low 
frequency  response  changed  from  the  5  to  8  cps,  mentioned  pbove,  to  O.h  to 
0.6  cps,  which  was  considered  sufficient. 

B.  Blocking 

In  lowering  the  frequency  response,  a  very  high  grid  impedance 
of  the  microphone  tube  was  obtained.  This  created  a  problem  of  blocking 
of  the  microphone  tube  when  intense  sound  pressures  were  incident  on  the 
microphone  diaphragm.  The  voltage  magnitude  on  the  grid  of  the  microphone 
tube  would  cut  off.  In  this  case,  the  microphone  capacitance  could  only 
discharge  through  the  large  leakage  resistance.  Consequently,  blocking 
was  from  35  minutes  to  5  hours. 

This  problem  was  eliminated  by  using  a  neon  tube  between  the  grid  and 
plate  of  the  microphone  tube  (Figure  1  )  as  a  switch.  Under  operating 
conditions,  the  neon  tube  was  close  to  an  open  circuit  since  the  voltage 
from  grid  to  plate  was  much  lower  than  the  ionization  voltage  of  the  neon 
tube.  Aa  soon  as  the  microphone  tube  blocked,  the  plate  voltage  would 
rise,  and  the  neon  tube  would  conduct,  thus  discharging  the  grid  immediately. 
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Three  precautions  were  taken  when  using  neon  tubes  in  the  micro¬ 
phone  circuit: 

1.  Shielding  of  the  neon  tube  from  the  RF  field. 

2.  Shielding  of  the  neon  tube  from  the  light. 

3.  Checking  the  neon  tube  for  leakage  resistance. 

C.  Acoustical  Response 

After  passing  the  electronic  response  test,  an  acoustical  fre¬ 
quency  response  check  on  the  microphone  was  performed.  The  main  problem 
encountered  in  obtaining  the  required  frequency  response  was  traced  to 
uncontrolled  leakage  around  the  seal  of  the  baffle  and  the  seal  of  the 
diaphragm.  In  order  to  eliminate  this  problem  in  production,  test  pro¬ 
cedure  using  a  Manometer  to  detect  the  leakage  was  developed.  Once  the 
leakage  was  corrected,  the  response  curves  would  follow  the  electronic 
response  curve,  thus  indicating  that  the  acoustical  response  went  lower 
than  the  electronic  response. 

D.  RF  Detection 


Another  problem  that  had  to  be  overcome  was  the  loss  of  sensi¬ 
tivity  due  to  the  fact  that  the  microphone  was  exposed  to  an  RF  field. 

The  cause  of  the  trouble  was  found  to  be  due  to  lack  of  metallized  coating 
of  the  mylar  diaphragm.  By  selecting  the  diaphragms  and  by  proper  shield¬ 
ing,  this  problem  was  eliminated. 

IV.  Conclusions 


With  the  procedures  developed  by  the  Schellenger  Research  Laboratories 
on  the  production  and  testing  of  infrasonic  capacitor  microphones,  mass 
production  of  thousands  bf  Pulsonde  flight  units  was  made  possible.  These 
developed  techniques  also  made  possible  the  construction  of  infrasonic 
capacitor  microphones  with  an  acoustic  flat  frequency  response  characteristic 
below  one  tenth  cpa. 
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PULSOHDB  TELEMETRY  SYSTEM 
George  Q.  Clark 

U*  S.  Army  Signal  Missile  Support  Agency 
White  Sands  Missile  Range,  Hew  Mexico 


The  pulsonde  telemetry  system  was  developed  to  satisfy  the  need  for  a 
balloon-borne  system  vith  sensitivity  in  the  infrasonic  region. 

After  consideration  of  various  types  of  modulation,  such  as  AM,  PM,  and 
PM  PM,  it  was  decided  that  some  type  of  pulse  modulation  offered  the  most 
potential  for  undistorted  data  transmission.  Availability  of  the  Ravin  set 
AR/qmD-1,  which  utilizes  a  PEM-AM  type  of  modulation,  led  to  the  selection 
of  that  unit  for  the  ground,  receiver.  However,  because  of  the  nature  of 
the  Intelligence  to  be  transmitted,  it  was  necessary  to  use  a  pulse  rate 
of  3000  pps  to  obtain  the  fidelity  required  instead  of  the  200  pps  maximum 
rate  employed  with  radiosonde  balloon  operation.  ' ' 

Jlgure  1  is  a  schematic  representation  of  the  modulation  technique 
employed.  Proceeding  from  top  to  bottom  one  can  see  how  the  pulses  generated 
by  a  blocking  oscillator,  the  repetition  rafce  of  which  is  a  function  of  the 
intelligence  to  be  transmitted,  are  used  to  cut  off  the  carrier  radiation. 

When  this  carrier  is  detected  on  the  ground  with  a  standard  AM  detector, 
negative  pulses  are  observed  with  the  intelligence  contained  In  the  repetition 
rate.  The  trailing  edges  are  now  used  to  trigger  another  pulse  generator 
and  If  the  level  of  triggering  is  set  appropriately,  the  "grass"  any  be  left 
behind  and  only  pulses  with  a  large  signal-to-aoise  ratio  are  applied  to  a 
frequency  sensitive  filter.  The  intelligence  Is  recovered  In  the  farm  of 
a  varying  DC  level  at  the  output  of  the  filter. 

A  block  diagram  of  the  ground  system  is  shown  in  Figure  2.  The  output 
signal  from  this  system  is  suitable  for  recording  on  standard  recording  devices 
such  as  magnetic  tape  or  chart  recorders. 

Figure  3  if  a  presentation  of  the  frequency  response  characteristics  of 
the  flight  unit  shoving  the  3  db  points  at  approximately  O.lb  cycle  per 
second  and  150  cycles  per  second.  The  upper  limit  is  built  in  while  the 
lower  limit  is  determined  by  the  microphone  characteristics. 

In  Figure  b  one  may  observe  the  modulation  characteristics  of  the 
flight  instrument  noting  that  quits  large  percentages  of  deviation  can  be 
tolerated  with  no  loss  in  linearity  of  the  modulation,  hence  a  large  dynamic 
range  of  pressure  variations  can  be  sensed  with  good  fideltiy. 

The  overall  system  frequency  response  is  shewn  in  Figure  3.  Note  that 
the  vgper  limit  has  been  decreased  slightly.  This  is  due  to  intentional 
limiting  in  the  ground  system.  Even  though  the  characteristics  _ 
of  the  capacitor  microphone  are  markedly  better  as  frequency  increases, 
it  was  decided  that  100  cycles  per  second  would  Include  the  area  of  interest. 

The  filter  system  used  to  recover  the  intelligence  has  a  linear  voltage 
output  (Figure  6)  as  a  function  of  percent  of  deviation  in  frequency.  Quite 
large  coupling  capacitors  are  employed  to  preserve  this  linearity  in  the 
lover  frequency  region. 
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A  schematic  circuit  drawing  of  the  flight  instrument  is  presented  in 
Figure  7*  The  upper  portion  of  the  tewing  presents  the  sensing  end 
tel  untiring  pert  of  the  Instrument.  This  includes  the  cspndtor  Micro¬ 
phone  sad  associated  hard  tube,  two  amplification  stages,  the  blocking 
oscillator,  and  the  carrier  frequency  output  stage.  The  capacitor  Micro¬ 
phone  and  its  associated  tube  comprise  a  0  db  sensitivity  nlorephons  (one 
volt  per  dyne  per  cm?). 

The  lower  portion  of  the  drawing  presents  two  calibration  devices  and 
a  relay  arrangement.  One  calibration  device  consists  of  a  calibrated  speaker 
end  relaxation  circuit  which  periodically  supplies  an  aCoWtie  signal  to 
the  Microphone,  ihe  other  calibration  circuit  supplies  an  electronic 
pulse  to  the  input  of  the  amplifiers.  With  these  two  devices  it  is  possible 
to  observe  any  change  in  sensitivity  of  either  the  sensor  or  the  related 
circuitry  during  flight.  The  relay  arrangement  allows  the  instrument 
to  be  cut  free  from,  the  balloon  when  the  battery  voltages  fall  to  a  level 
low  enough  to  terminate  the  useful  life  of  the  instrument  by  applying 
the  remaining  battery  power  to  activate  a  snail  explosive  charge  which 
qp—****  »  Aewloaon  the  attanhiag  lime.  - 

Pul  sonde  prototypes  were  designed  and  tested  by  the  U.  S.  Any  Signal 
Missile  Scpport  Agency  at  White  Sends  Missile  Bange  and  the  development  ef 
the  **laal  model  was  done  under  contract  by  the  Schellenger  Be  rearch  Labor*  .*• 
tories  at  Teas  Western  College  in  ML  Peso,  Texas.  The  developmental  work 
Included  iwpiwmwmt  ih  Microphone  design,  circuit  design,  and  environmental 
testing  to  enhance  long  term  stability  in.  a  thermal  eavirouwnt  of  approxi¬ 
mately  -70OC. 
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A  THEORY  FOR  WTEOROLOGICAL  CORRECTIONS  TO  ARTILLERY 

SOUKD  RAHGIHO  BATA  ■  • 

Donald  M.  Swingle 

U.  S.  Amy  Signal  Research  and  Development  Laboratory 
Fort  Monmouth,  Rev  Jersey 

The  techniques  which  have  been  used  for  correction  of  artillery  sound 
ranging  data  for  varying  meteorological  conditions  have  developed  over  a 
number  of  years  by  the  process  of  accretion  and  adjustment .  In  an  effort 
to  study  improved  aeteorologlcal  techniques  for  application  to  Army  problems, 
this  Important  meteorological  application  was  investigated. 

Stated  very  simply,  the  standard  technique  consists  of  weighting  the 
wind  speed,  direction  and  temperature  within  the  lover  levels  of  the  atmos¬ 
phere  according  to  a  set  of  established  criteria.  The  resulting  correction 
is  applied  to  received  sound  data  without  further  explicit  consideration 
the  precise  path  of  the  sound  ray  reaching  any  particular  microphone. 

The  basic  nature  of  the  aeteorologlcal  data  available  to  most  users 
in  most  countries  provides  a  real,  if  sometimes  unrecognised,  limitation 
to  the  degree  of  sophistication  which  It  is  prudent  to  employ  In  the 
application  of  such  data  to  practical  problems.  In  general,  the  atmosphere 
is  described  In  tens  of  observations  which  represent  finite  difference 
computations,  which  are  thus  averaged  over  layers  of  the  atmosphere,  or 
they  are  originally  sensed  by  elements  which  possess  lag,  and  which  are 
sometimes  sampled  at  intervals .  In  the  case  of  sound  propagation  through 
the  lower  atmosphere,  wind  data,  as  normally  obtained  by  theodolite  or 
ravins onde  tracking  of  an  ascending  sounding  balloon,  is  taken  in  terms 
of  average  wind  over  specified  height  or  time  zones.  Temperature  and 
humidity  data  are  alternated,  with  occasional  time  out  for  reference 
data,  in  accordance  with  changes  of  pressure  as  sensed  by  an  aneroid 
barosvltch. 

For  the  purposes  of  the  present  study,  it  was  determined  that  no 
consideration  should  be  given  to  the  vertical  gradients  of  wind  and  sound 
speed,  but,  rather,  the  investigation  was  deliberately  limited  to  the 
use  of  the  layer-mean  winds  and  sound  speeds.  This  was  done  because  It 
was  felt  that,  while  more  detailed  treatments  are  possible,  they  can  be 
expected  to  yield  only  slight  improvements  unless  correspondingly  better 
techniques  for  determining  the  state  of  the  atmosphere  are  available. 

An  additional  very  important  problem  which  is  also  eliminated 
by  assumption,  is  the  fact  that  the  atmosphere  varies  in  the  horizontal. 

That  Is,  we  have  assumed  horizontal  homogeneity  within  each  layer  of  the 
atmosphere.  In  the  present  case  this  was  done  in  order  that  the  resulting 
meteorological  correction  method  would  be  applicable  to  the  typical  situation 
In  which  data  from  a  single  ravinsonde  or  "pibal"  station  is  readily 
available.  The  weaknesses  of  this  assumption  were  later  dramatically 
demonstrated.  However,  a  large  amount  of  progress  in  the  elimination 
of  the  asuaption  of  horizontal  homogeneity  cannot  be  expected  until 
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either  vast  quantities  of  meteorological  data  are  available  throughout  the 
volume  of  atmosphere  through  which  received  sound  rays  pass,  or  a  much 
improved  understanding  of  the  meso-scale  in  the  atmosphere  is  achieved. 

The  latter  development  appears  to  be  the  more  likely. 

In  the  development  which  follows ,  it  is  assumed  that  the  atmosphere 
consists  of  layers  which  are  horizontally  homogeneous,  but  whose  properties 
vary  in  the  vertical.  Within  each  layer,  the  wind  and  sonic  speed  (which 
is  principally  determined  by  the  temperature)  are  constant. 

Consider  a  basic  configuration  for  determining  a  line  of  position 
using  two  microphones.  (Figure  l)  The  sound  source  is  at  G,  while  the 
two  microphones  are  at  Mi  and  Vq.  »  respectively. 

Under  "standard"  conditions  of  zero  wind  and  50°F  temperature,  sound 
velocity  in  all  directions  is  V0.  Then  the  time  of  sound  travel  from  G 
to  Mi  agd  Jfe  is  (Figure  2).  . 

If  we  now  consider  a  situation  having  a  vector  wind  W^O,  a  temperature 
T#0°F,  and  consequently  sound  velocity  V/VQ,  this  equation  could  still  be 
used  If  T^  and  T0i  could  be  expressed  in  terms  of  T2  and  Ti  and  the 
meteorological  conditions,  there  T2  and  Ti  are  the  actual  times  required 
for  sound  to  travel  from  the  source  to  the  two  microphones.  We  shall  use 
Ve  to  represent  the  effective  sound  speed  frcar  sound  source  micro¬ 
phone.  Then  we  have  the  equations  in  Figure  3. 

To  proceed  further,  we  require  at  least  an  approximate  method  for 
finding  the  proper  hyperbola A r(gT0 ) .  This  can  be  done  by  finding 
approximate  values  of  ri  and  r2.  If  one  seeks  more  than  a  single  line 
of  position,  he  must,  naturally  use  more  than  two  microphones.  This 
yields  a  multiplicity  of  approximate-  line6  of  position,  when  "standard" 
conditions  are  assumed,  which  give  at  least  a  first  approximation  to 
the  true  values  of  r^  and  r2.  These  approximate  values  can  be  used 
in  an  iterative  procedure  to  find  the  improved  estimate  of  the  AT  which 
would  have  occurred  had  "standard"  propagation  condition?  obtained 
i.e. AT0.  (Figure  4) 

If  we  designate  the  first  estimate  of  r  as  r’,  we  obtain  equation*  15 
and  16.  (Figure  5).  Note  that  we  can,  if  we  desire,  also  iterate  this  procts 
to  obtain  (Eqn  17,  Figure  5)  and  similar  successive  approximations. 

Our  principal  problem  now  is  to  find  V_  which  is  appropriate  to  each 
sound  path.  This  can  be  shown  to  be  given  by  the  following  (Figure  6). 
Strictly,  V  should  be  multiplied  by  sinoC,  to  give  the  horizontal  component 
of  sound  velocity  in  each  layer.  However  this  factor  is  very  close  to 
unity  in  the  relatively  short  range  sound  ranging  with  which  we  are 
particularly  concerned.  This  is  not  true  of  propagation  over  distances  of 
hundreds  of  miles,  and  account  would  have  to  be  taken  of  the  departure  of 
this  factor  from  unity  in  calculations  for  such  problems. 
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In  cases  where  the  sound  is  propagated  through  several  layers,  &T  must 
be  computed,  using  appropriate  weighting  factors  J(h).  (Figure  7).  The 
actual  computation  can  be  greatly  facilitated  by  use  of  the  "Criterion 
Curve",  which  is  a  simple  plot  of  aV  against  height.  (Figure  8).  To 
a  close  approximation,  the  denominator  of  the  last  term  of  equations 
(20),  (21),  and  (22)  can  be  changed  from  2V  to  2V0. 

With  this,  the  effective  AVe  is  shown  in  Figure  9* 

In  order  to  parallel  current  practice  as  nearly  as  possible,  successive 
dTn  (n  =  1,2,3,...)  may  be  subtracted  to  obtain  a  correction  for  each 
microphone  pair  in  an  array  of  microphones.  Thus,  we  obtain  the  equation 
in  Figure  10.  This  is  added  to  the  observed  time  difference  of  sound 
arrival,  t,  for  the  given  microphone  pair  to  yield  a  corrected  time 
difference  of  arrival.  The  corrected  ray  is  plotted.  Doing  this  for  each 
successive  microphone  pair  will  permit  obtaining  an  "improved"  fix  point. 

If  desired,  the  new  ranges  and  angles  may  be  again  used  to  more  accurately 

eompatrtlB ^  Cbi'fectraas; 

It  will  have  been  noted  that  the  availability  of  a  simple  formula  for 
the  J(h)  was  a  major  advantage  in  the  above  derivation.  The  development  of 
the  form  used  herein  was  due  to  Dr.  Craig  Crenshaw.  As  you  will  see  in  the 
following  paper  by  Mr  ...Golden,  this  also  permits  a  very  simple  graphical 
use  of  the  criterion  curve  to  determine  the  necessary  weighting  factors 
without  computation. 

As  was  mentioned  at  the  beginning  of  this  paper,  there  is  a  sizeable 
meso-scale  fluctuation  of  the  sonic  propagation  conditions,  which  leads 
to  changes  in  actual  time  differences  of  sound  arrival  from  successive 
sounds  generated  at  the  identical  location.  Within  the  given  data 
of  the  problem,  these  fluctuations  were  a  form  of  noiBe  added  to  the 
other  errors  of  determinig  the  time  of  arrival  of  the  sound. 

We  found  that  working  with  noisy  data  to  develop  techniques  for  the 
improvement  of  this  data  by  application  of  small  corrections  for  the 
known  meteorological  conditions  was  rather  frustrating.  Of  particular 
significance  is  the  standard  by  which  one  determines  the  degree  of  success 
of  the  tried  method.  In  particular,  some  "fix"  techniques  utilize  the 
centroid  concept,  giving  as  the  estimate  of  the  source  location  the  centroid 
of  intersections  of  the  various  rays.  This  is  very  sensitive  to  small 
errors  in  angles  which  are  nearly  equal. 

A  feature  of  the  location  by  time  difference  of  arrival  is  that,  for 
angles  departing  much  from  the  normal  to  the  microphone  base,  the  angular 
error  resulting  from  a  given  error  in  time  difference  increases  rapidly 
as  the  angle  increases.  This  suggests  that  some  form  of  "weighting"  should 
be  given  the  apparent  sound  rays,  depending  upon  their  angle  and,  perhaps, 
the  range  of  the  source.  Several  of  these  have  been  studied,  but  the 
details  cannot  be  presented  due  to  the  limited  time  available  in  this 
symposium.  However,  considerable  improvements  are  evidently  possible  in 
the  fix  technique.  Uhless  a  fix  technique  is  used  which  does  not  magnify 
the  errors  arising  elsewhere  in  the  system  it  is  very  difficult  to 
determine  whether  one  is  making  progress  in  a  practical  sense  or  not. 
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end  V*  le  the  sound  speed  st  tht  altitude  of  total  refraction. 
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EVALUATION  OF  METEOROLOGICAL  CORRECTIONS  FOR  SOUND-RANGING 

Abraham  Golden 

U.  S.  Army  Signal  Research  and  Development  Laboratory 
Fort  Monmouth,  New  Jersey 

In  methods  for  sound -ranging,  microphones  are  used  to  provide  a 
number  of  apparent  bearings  to  the  sound  source.  Meteorological  correc¬ 
tions  to  these  bearings,  calculated  by  using  a  single  weighted  wind,  are 
then  made  which  are  intended  to  correct  the  measured  difference  between 
time  of  arrival  at  successive  microphones  to  the  time  differences  that  the 
sound  wave  would  have  taken  under  standard  conditions  of  no  wind  and  a 
sonic  temperature  of  50°F.  The  theory  of  another  way  of  making  these 
corrections  has  just  been  described  by  Dr.  Swingle. 

This  new  method  takes  into  consideration  in  greater  detail  than  the 
single-wind  method  the  state  of  the  atmosphere  along  the  sound  paths  from 
source  to  each  nacrophone.  It  should,  therefore,  be  expected  to  produce 
improved  corrections.  However,  certain  assumptions  about  the  state  of 
the  atmosphere  along  the  sound  path  must  still  be  made.  (Figure  l). 

This  method  consists  of  obtaining  the  approximate  range  and  angle 
from  gun  to  each  microphone  from  the  difference  of  time  of  arrival  of  the 
sound  wave  at  successive  pairs  of  microphones.  A  determination  of  the 
vertical  as  well  as  the  horizontal  path  of  the  wave  1b  then  made  by  the 
application  of  the  law  of  refraction,  the  meteorological  data,  a  minimum 
range  graph,  and  a  "criterion  curve.  This  is  done  for  each  ray  from 
an  approximated  sound  source  to  the  individual  microphones.  Weighting 
factors  are  applied  to  the  sound  velocity  in  each  layer  according  to  the 
time  it  would  be  expected  to  spend  in  the  layer.  Meteorological  correc¬ 
tions  are  computed  in  terms  of  time  differences.  These  time  differences 
are  added  algebraically  to  the  microphone-observed  arrival  times.  This 
yields  the  meteorologically  corrected  time  of  arrival;  the  corresponding 
time  differences  lead  to  a  new  estimate  of  target  location,  and  hence  to 
a  new  range  and  a  new  angle.  This  entire  process  may  be  repeated  again 
and  again,  each  iteration  coming  closer,  in  principle,  to  the  true  target 
position. 

The  procedure  for  the  step-wise  method  is  as  follows: 

First,  the  path  of  the  sound  wave  vertically  and  horizontally  is 
determined  from  a  plot  of  the  meteorological  information,  consisting  of  a 
mean  wind  cud  a  mean  sonic  temperature2  for  each  layer.  Figure  2  depicts 
a  possible  vertical  sound  path  under  the  noted  conditions  of  homogeneity 
in  each  layer.  In  order  to  trace  the  path,  the  sonic  temperature  and  the 
wind  speed  along  the  path  must  be  computed  for  each  layer.  The  sum  of 
the  sonic  and  wind  velocities  along  the  path  yields  the  effective  sound 
velocity.  (Figure  3) 
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A  criterion  graph  is  now  plotted,  consisting  of  effective  sound 
velocity  versus  layer  height.  In  order  to  save  space,  the  deviation  A V 
from  the  standard  velocity  is  plotted  as  in  Figures  4,  5,  5a,  and  5b. 

Next,  the  minimum  range  of  a  sound  wave  supported  by  a  totally 
refracting  layer  is  determined  by  the  application  of  an  overlay  derived 
from  the  following  equation  (Figure  6). 

The  Minimum  Range  Chart,  Figure  7,  has  overlayed  the  curve  of 
Figure  5  so  that  the  value  of  Vg  *  0  is  placed  at  the  plotted  value  of 
the  surface  layer  (layer  S),  and  such  that  the  abclssas  match  and  the 
ordinates  are  parallel  to  one  another.  (Figure  8).  The  ionium  range 
to  which  any  layer  will  propagate  sound  may  then  be  easily  determined. 

From  Figure  8  it  is  noted  that  for  layer  1  a  minimum  range  of  about 
6200  yards  for  the  propagation  of  the  wave  would  be  supported;  for 
layer  2  a  minimum  range  of  about  9100  yards  is  possible;  for  layer  3  & 
minimum  range  of  over  12,000  yards  is  found;  and  for  layer  4  the  minimum 
supportable  range  is  over  12,000  yards.  Therefore,  if  the  approximate 
range  determined  from  the  initial  plot  were  10,000  yards,  then  layers  S, 

1,  and  2  could  all  support  the  propagation  of  the  sound  wave  to  the  micro¬ 
phone.  Propagation  Is  assumed  to  t&Fe  place  by  a  patfr  tlirough  the 
highest  layer  supporting  the  estimated  target  range. 

Weighting  factors  are  then  assigned  to  layers  S,  1,  and  2.  A  weight 
of  10  is  assigned  to  the  top  refracting  layer  and  a  weight  according  to  a 
weighting  scale  (Figure  9)  to  the  remaining,  S  and  1  in  this  case. 

(Figures  10,  11,  12 ,  and  13 ) 

Another  target  fix  is  made,  thereby  providing  a  corrected  sound* 
source  location.  Since  the  corrections  computed  above  were  based  on  an 
approximate  location,  these  may  now  be  computed  more  accurately  by  using 
a  new  range,  new  sound  path,  and  new  effective  velocity.  These  new  data 
in  turn  provide  a  new  target  location.  In  general,  each  new  location 
should  approach  closer  to  the  true  target  location.  Limited  experience 
with  the  method  indicates  that  multiple  Iterations  would  rarely  be  required. 

I  will  now  present  the  results  of  the  application  of  this  method, 
using  data  from  test  firing  of  TNT.  But  first,  a  word  about  the  data 
and  data- processing  techniques  used. 

The  data  were  taken  by  detonating  TNT  charges  at  essentially  two 
firing  points.  The  time  of  arrival  was  recorded  with  the  use  of  two 
different  types  of  sound-ranging  equipment  at  the  same  location.  A 
weighted  mean  value  was  computed  from  the  relationship  shown  in  Figure  14. 

The  wind  data  are  averaged,  separated  into  components,  and  plotted 
in  Figures  l4a,  l4o,  and  14c. 
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1*  unpublished  Meaoraadna  for  Til*,  "Meteorological  Oorrectlona  for 
Souad-Renglng, M  by  hr.  8*  J.  Bauer,  UBASKDL,  1  Sep  56. 

2*  Gutenberg,  B.,  Oonpeadiun  of  Meteorology,  "Sound  Propagation  in  tho 
Ataosphare,”  J— rloaa  Meteorological  Society,  p  366,  1951. 
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ATMOSPHERIC  AMD  GEOMETRIC  CONSIDERATIONS 
IN  SOUND  LOCATION  DATA  PROCESSING 
Donald  M.  Swingle 

U.  S.  Army  Signal  Research  and  Development  Laboratory 
Fort  Monmouth,  New  Jersey 

In  the  well-known  field  methods  of  sound  ranging  using  straight 
line  arrays,  one  must  assume  the  sound  velocity  V.  For  a  plane  wave 


This  poses  the  problem  of  determining  the  sound  propagation  speed 
in  a  variable  atmosphere.  A  major  portion  of  the  propagation  takes 
place  in  regions  of  the  atmosphere  which  cannot  be  observed  in  detail. 

Ms  must  usually  assums  horizontal  homogeneity  over  the  entire  sound  path. 


One  may  partially  solve  this  problem  by  the  introduction  of  a  two- 
dimensional  array.  Given  three  microphones,  A,  B,  and  C, 


sin  9  -  (tjj-t^V/dja 

CO.  «  .  (VVv/% 


*“  8  •  E‘b-‘a>/<V‘a>)  (Vv) 


A  c omnon  implementation  of  this  approach  takes 
four-microphone  array.  Then 

ten  9  «  (B-A)/(C-A)«(D-C)/(D-B)  ^ 

-  (D-C)/(C-A)-(B-A)/(D-B) 


the  form  of  a  square 


D  - 


B 


As  you  can  see,  this  is  a  redundant  system.  If  the  incoming  signal 
is,  in  fact,  a  plane  wave,  the  above  relationships  must  be  identities. 
Linear  combinations  of  the  several  measures  of  sin  9  and  cos  9  can  be 
used.  In  particular, 


tan  9 


c(B-A)  *  A  (D-Cj)  /  [m(C-A) 

•  »  m  *  n  *  i,  then 

tan  9  -  {(D-A)-(C-B)  /  (D-A)  +  (C-B)) 


nCD-B^V  .  (fm  +  n)  /  (k  +J?7] 


If  we  take 


V 
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If  A  Is  taken  as  a  reference  tine  and  set  equal  to  zero,  then 
tan  9  -  (D-C+B)/(D+C-B). 

A  similar  variety  of  forms  can  be  derived  for  the  elevation  angle  of 
the  Incoming  plane  wave  If  ve  know  the  velocity.  Similarly,  ve  can  obtain 
a  similar  variety  of  forms  for  the  apparent  velocity  if  we  know  the 
elevation  angle.  I  will  not  cover  these  today  in  view  of  the  limited 
time  available. 

Returning  to  the  measurement  of  azimuth  angle,  one  may  ask  which  of 
the  several  formulas  given  is  the  most  accurate. 

I  have  approached  this  problem  with  the  assumption  that  the  errors 
in  determining  arrival  time  of  the  idealized  plane  wave  at  each  micro¬ 
phone  are  random  and  uncorrelated.  Since  identical  microphones,  circuits, 
and  techniques  are  normally  used  for  all  microphones  in  the  array,  I 
have  assumed  equal  standard,  deviations  for  each  microphone.  This  results 
in  a  number  of  forms  for^g  corresponding  to  the  forme  for  9  itself. 


9 

1 9 

tan”1  (B-A)/(C-A) 

J2  Etf  ( 1-sin  9  cos  9)^ 
d  ' 

tan"1  (D-C)/(D-B) 

(l-sin  9  cos  9^ 

tan-1  (B-A)/(D-B) 

EV  (l+sin  9  cos  ©P 
-5  \ 

tan"1  (D-C)/(C-A) 

V  (l+sin  9  cos  9)^ 
d 

tan’1  gp-A)-(C-B)|/^p-A)+(c-B)] 

~EV/d 

TT/k  -tan’1  (C-B)/(D-A) 

15v/d 

sin"1  (B-A)V/d 

The  first  six  forms  show^Q  proportional  to  V,  the  ground  track  speed 
of  sound  over  the  array.  No  term  for  velocity  error  appears  since  this 
factor  is  a  derived  quantity. 

The  form  using  only  two  microphones  is  included  above  simply  for 

fneral  interest.  It  assumes  perfect  knowledge  of  the  denominator  term. 

is  the  standard  deviation  of  determination  of  time  of  arrival  of  the 
idealized  plane  wave  at  each  microphone  and^T  is  the  standard  deviation 
in  the  value  determined  for  effective  propagation  speed. 
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The  form  giving  arbitrary  weighting  to  the  redundant  differences  was 
omitted  from  the  above  table ,  since  it  can  be  shown  that  equal  weighting 
is  as  good  or  better  than  any  other  form  if  errors  are  random  and  indepen¬ 
dent. 


You  will  note  that  similar  results  are  obtained  for  each  pair  of 
forms.  This  follows  from  symmetry  for  the  first  four  forms.  For  forms 
shown  fifth  and  sixth  in  the  table  the  same  value  of  CT again  appears. 

This  must  be,  since  the  same  data  are  used  in  each  and  the  sixth  form  can 
be  obtained  from  the  fifth  form  by  simple  trigonometric  transformation. 

The  advantage  of  the  sixth  form  is,  however,  that  it  is  much  simpler  to 
use.  In  effect,  the  first  pair  of  forms  is  superior  to  the  second  pair 
because  errors  in  the  common  term  in  numerator  and  denominator  appear  with 
the  same  sign,  rather  than  with  the  opposite  sign.  The  third  pair  of 
forms,  in  effect,  takes  the  time  differences  over  the  longer,  diagonal 
baselines,  thus  achieving  smaller  precentage  errors. 

Nov  you  will  note  that  I  assumed  that  departures  of  measured  time 
of  arrival  from  idealized  plane  wave  arrival  were  not  correlated  between 
microphones.  This  is  true  with  respect  to  errors  in  evaluating  records, 
circuit  noises,  etc.  However,  the  departures  introduced  by  the  atmosphere, 
which  is  not  horizontally  homogeneous  in  fact,  will  he  partially  correlated. 
The  natural  atmosphere  supports  a  wide  range  of  scales  of  variation  ranging 
from  small  dust  whirls  and  gusts  up  to  major  globed  circulations. 

Propagation  over  long  dist inace  tends  to  average  out  the  smallest 
scales.  Under  certain  assumptions,  we  may  expect  this  smoothing  to  be¬ 
come  more  effective  in  proportion  to  the  square  root  of  the  path  length. 

On  the  other  hand,  the  gradients  of  large  scale  variations  are  very  small. 
Over  the  dimensions  of  microphone  arrays,  the  large  scale  differences  usually 
prove  to  be  negligible. 

This  problem  has  been  treated  by  Blokhintsev  in  his  book  on  ACOUSTICS 
OF  A  NONHOMOGENEOUS  MOVING  MEDIUM  (19^6,  Leningrad),  which  has  been  trans¬ 
lated  and  disseminated  by  the  NASA.  Based  on  the  turbulence  theory  of 
Kblmogoroff,  he  shows  that  for  a  two  microphone  array,  where 

sin  «■*  tV/d,  <r9  =  0.3  =  .04k  V  d"1/6, 

where  R  is  the  range  in  meters,  and  v  is  the  mean  wind  speed  in  meters  per 
second.  When  this  is  applied  to  long  range  propagation,  which  almost 
certainly  includes  portions  of  the  propagation  path  at  high  altitudes, 
the  value  obtained  is  several  times  as  large  as  the  observed  discrepancies. 

The  data  considered  by  Golden  in  his  paper  on  "Evaluation  of  Meteor- 
lolgical  Corrections  for  Sound  Ranging"  showed  well  the  variability  of 
the  atmosphere  over  short  times.  Two  series  of  shots  were  made,  with  all 
shots  of  each  series  being  from  the  same  point  (Figure  l).  Tabulated  are 
the  time  of  firing,  and  the  observed  time  difference  between  successive 
microphone  pairs. 
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Shot  Time 

2103 

2113 

2121 

2128 

2137 

2146 

Fair  2,1 

656 

657 

660  milliseconds 

3,2 

1W9 

11*9!* 

1501* 

15  L4 

1517 

1510 

4,3 

2128 

2162 

2160 

2161* 

2169 

2179 

5,4 

2623 

2636 

2658 

2652 

2651 

2654 

6,5 

2940 

2983 

2971 

2980 

2968 

2984 

Shot  Time 

2213 

2219 

2225 

2232 

2239 

221*6 

iv’t  rarest 

1$8 

■ran 

197 

553"" 

3,2 

101*0 

1033 

1036 

101*8 

101*0 

4,3 

1938 

1738 

1738 

1742 

1741* 

1744 

5,4 

2296 

2283 

2277 

2288 

2290 

2308 

6,5 

2692 

2686 

2685 

2686 

2698 

2688 

We  'believe  that  much  of  this  variation  is  due  to  small-scale  changes 
in  the  atmosphere.  In  the  more  remote  portions  of  the  atmosphere,  near 
the  sound  source,  rays  to  the  several  microphones  are  close  together  and 
a  small  portion  of  the  atmospheric  variation  affects  the  rays  in  a 
differential  fashion.  However,  the  longer  the  distance  between  microphones, 
the  greater  the  portion  of  the  variation  which  differentially  affects  the 
rays.  Blokhlntsev  shows  that  this  difference  increases  with  the  5/6  power 
of  spacing  and  this  largely  nullifies  the  d*l-  factor  in  the  sine  formula. 

The  error  in  a  three  me  iro phone  array  would  be  somewhat  greater, 
while  in  a  redundant  four-microphone  array  this  value  in  turn  might  be 
reduced  by  a  factor  of  the  square  root  of  two. 

Now,  this  KDlaogoroff  formulation  assumes  that  we  know  only  the 
mean  value  of  V,  Three  obvious  ways  of  improving  our  nmteorological 
corrections  are  evident. 


First,  we  can  consider  use  of  the  corrections  implied  by  a  recent 
known  shot.  This,  however,  is  particularly  weak  in  that  these  data  con¬ 
tain  mostly  small  scale  variations  which  are  rapidly  changing. 

Second,  we  can  use  data  from  large  scale  meteorological  analyses  and 
predictions.  The  analysis  process  has  smoothed  out  many  of  the  «i—n 
scale  variations  in  the  raw  data  sampled  by  Bounding  balloons.  Air 
Weather  Service  studies  have  shown  that  stale  observed  data  is  more  accurate 
than  forecast  data  up  to  about  six  hours.  Absence  of  observations  over 
oceans,  enemy  areas,  etc.  may  force  a  partial  dependence  on  extrapolated 
or  forecast  data. 

Third,  local  observations  in  the  area  of  the  array  and  forward  of  it 
could  be  analyzed  to  correct  for  differential  conditions  between  ray  paths. 

The  simple  formulas  used  above  assume  a  plane  wave  to  be  crossing  the 
microphone  array.  In  actuality,  however,  as  shown  by  the  studies  at  Denver 
Research  Institute,  the  natural  wave  front  appears  to  be  rough  or  "corru¬ 
gated  .  Mr.  Chemetz  will  cover  material  which  sheds  more  light  on  this 
problem. 
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Sane  years  ago,  Dr.  Crenshaw  carried  out  an  extensive  series  of 
research  studies  in  the  Pennsylvania,  Rev  Jersey  area.  It  is  regrettable 
that  he  has  not  presented  this  aaterlal,  which  is  unknown  to  most  of  you,  at 
this  nesting.  In  general,  it  underscores  the  significance  of  atmospheric 
variations  in  sound  propagation,  suggesting  that  determination  of  the 
effective  speed  of  sound  to  closer  than  about  one  percent  will  require 
detailed  observations  or  analyses  of  atmospheric  conditions  along  at  least 
a  part  of  each  sound  path. 
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BLAST  PREDICTION  FOR  SMALL-YIELD,  HIGH-EXPLOSIVE  SHOTS 

Jack  E.  Chirm 

University  of  California  Lawrence  Radiation  Laboratory 
Livermore,  California 


The  daily  routine  for  blast  prediction  is  broken  down  into  a  number 
of  steps  which  can  be  followed  with  the  help  of  a  close  U.  S.  Weather 
Bureau  R.A.O.B.  and  RAWIN  reporting  station. 

1.  The  first  step  (Fig.  1)  consists  of  getting  the  U.S.W.B.  upper  air 
sounding  which  includes  pressure,  temperature  and  dew  point.  This 
can  be  accomplished  through  teletype  or  by  telephone  and  is  then 
plotted  (Fig.  2).  The  resulting  plot  gives  one  the  pressure,  tem¬ 
perature  and  dew  point  for  each  1000  ft.  level  up  through  approxi¬ 
mately  16,000  ft.  of  atmosphere. 

2.  The  second  step  consists  of  following  a  pilot  weather  balloon  with 
a  theodolite  up  through  apnroximately  the  same  distance  (Fig.  3). 

The  100  gram  pilot  balloon  rises  approximately  1000  ft.  per  minute. 

By  taking  readings  of  the  vertical  angle  and  horizontal  angle  and 
knowing  the  elapsed  time  or  ascent,  tne  distance  out  can  be  deter¬ 
mined  for  each  1000  ft.  elevation  (Fig.  3).  The  horizontal  angle 
and  distance  out  is  plotted  (Fig.  ii)  for  each  minute.  By  using  the 
same  scale,  the  direction  and  velocity  of  the  wind  is  reasonably 
accurately  measured  for  each  1000  ft.  elevation. 

For  blast  prediction  purposes,  consider  that  the  sho-’k  wave  moves 
at  sonic  velocity.  For  practical  purposes,  humidity  can  be  disre¬ 
garded.  Consider  that  the  velocity  of  sound  is  1088  ft.  per  second  at 
0°  Centigrade  and  increases  2  ft.  per  second  per  1°  Centigrade  rise  in 
temperature.  Now,  by  combining  the  sound  velocity  due  to  temperature, 
the  wind  direction  and  velocity  for  each  1000  ft.  level  and  selecting  a 
number  of  directions  of  interest,  it  can  be  determined  whether  the  sound 
velocity  increases  or  decreases  with  altitude.  If  there  is  no  increase 
in  sound  velocity,  with  altitude  toward  any  direction  of  interest,  it 
can  be  concluded  that  sound  should  :,ot  return  to  the  surface  in  amounts 
which  would  cause  damage  or  complaint s  beyond  two  or  three  miles  from  the 
detonation  point  (Condition  I,  Fig.  £). 

If  there  is  a  steady  increase  in  sound  velocity  (Condition  II,  Fig. 5), 
it  may  be  assumed  that  there  will  be  no  zones  of  silence  under  these 
weather  conditions  in  our  direction  of  interest. 

Should  there  be  a  lapse  in  sound  velocity  and  then  an  increase  at 
some  elevation  above  the  surface,  there  may  be  several  miles  of  silence; 
and  then  the  sound  may  be  focused  back  to  the  surface  in  a  comparatively 
small  area,  much  as  the  sun's  rays  are  focused  through  a  lens  (Condition 
III,  Fig.  3).  . 
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Figure  1 

OAKLAND  WEATHER  STATION  DATA 


DATE  21  January  i960 
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The  problem  of  sound  velocity  for  each  thousand-foot  level  up  through 
16,000  feet  of  atmosphere  depending  on  temperature,  wind  direction  and 
velocity,  and  direction  of  interest  for  14  different  directions  of  inter¬ 
est  has  been  coded  on  the  IBM  650  and  70U  electronic  computing  machines. 

The  velocities  for  all  lU  directions  are  obtained  in  less  than  two  minutes 
on  the  IBM  650. 

Should  there  be  a  lapse  of  sound  velocity  and  then  an  increase  (Fig. 6), 
then  the  resulting  pressure  and  the  distance  at  which  it  will  return  to 
the  surface,  under  identical  weather  conditions,  may  be  calculated  by  hand 
with  the  equations  (Figs.  7  and  8).  Figure  7  calculates  the  distance  at 
which  the  sound  rays  may  strike,  and  Figure  8  calculates  the  amount  of 
pressure  at  that  distance  per  10  pounds  of  yield.  This  problem  is  also 
coded  on  the  IBM  and  gives  a  complete  answer  on  the  650  in  approximately 
two  minutes. 

Considering  the  many  variables  in  micrometeorology,  it  is  felt  that 
only  the  surface  has  been  scratched  concerning  small-scale  blast  predic¬ 
tion.  It  can  only  be  said  that  so  far  as  can  be  determined,  according  to 
data  received  from  a  group  of  microbarograph  stations  located  seven  to 
ten  miles  east  of  the  test  site,  the  pressure  in  that  area  has  been  held 
under  300  microbars  since  the  test  site  was  opened  in  1955. 

Shots  of  as  much  as  1000  pounds  have  been  fired  at  the  site  with  no 
complaints  and  no  record  on  the  microbar ->graph  grids.  On  the  other  hand, 
there  are  microbarograph  records  of  as  much  as  60  to  75  microbars  on 
shots  of  from  10  to  25  pounds  of  H.E. 

The  particular  day  illustrated  in  the  slides  shows  the  weather  pic¬ 
ture  and  calculations  on  which  150  microbars  were  picked  up  on  micro¬ 
barograph  stations  seven  to  ten  miles  distance,  and  complaints  were  re¬ 
ceived  from  25  miles  away  from  the  site  on  a  true  course  of  50°  on  an 
H.E.  shot  of  100  pounds. 

The  day  illustrated  in  the  attached  illustrations  shows  a  weather 
condition  giving  a  weight  limit  of  10  pounds  due  to  a  calculated  focus¬ 
ing  of  seven  to  eight  miles  under  the  existing  weather  conditions  at  the 
time  the  calculations  were  made. 

It  is  well  known  that  wind  direction,  velocity  and  temperature,  in 
the  lower  regions  of  the  atmosphere  especially,  change  considerably  from 
moment  to  moment  and  from  mile  to  mile,  making  blast  prediction  in  the 
lower  levels  and  for  small-yield  explosions  extremely  difficult  and  by 
no  means  infallible  with  the  weather  data  presently  available. 


Figure  8 
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Theory  of  Acoustic  Back  round  al  High  Altitudes 
William  C.  Meecham* 

University  of  Minnesota,  Minneapolis,  Minnesota 


Introduction 


We  wish  to  discuss  pressure  fluctuations  at  high  altitudes,  up  to 
60,000  feet.  We  shall  be  primarily  concerned  with  background  measurements 
of  s  :ch  fluctuations.  The  experi' ental  equipment  will  be  described  in  a 
later  paper  together  with  the  presentation  of  details  of  the  results  of 
measurements.  It  is  the  p  rpose  of  this  paper  to  discuss  some  theoretical 
considerations  relating  to  such  effects. 

The  basic  experiment  c  insists  of  allowing  a  freely  floating  balloon 
to  rise  to  an  altitude  of  about  twelve  miles,  after  which  the  altitude  is 
maintained.  The  balloon  carries  one  or  more  micropnones,  whose  pressure 
measurements  are  telemetered  oack  to  a  ground  station.  The  floating 
balloon  platform  eliminates  much  of  the  relative  air  motion  with  respect 
to  the  microphone  and  thus,  as  is  well  known,  greatly  reduces  the  effect 
of  pressure  fluctuations  arising  from  local  turbulence. 

Using  such  a  system  the  Michigan  group  has  obtained  some  interesting 
pressure  fluctuation  background  measurements  (other  groups  have  also  been 
active  in  this  area).  For  now  we  content  ourselves  with  a  brief  descrip¬ 
tion  of  the  salient  characteristics  of  such  measurements.  It  is  found 
that  there  is  a  relatively  large  pressure  fluctuation,  located  mostly  in 
the  frequency  range  below  10  cps  with  a  level  of  ab^ut  0.2  dynes  per  cm2. 
Superimposed  on  this  persistent  fluctuation  are  larger  fluctuations 
occurring  mainly  in  the  frequency  range  of  1-3  cps  with  an  amplitude  of 
about  1.0  dyne  per  cm2.  These  larger  effects  last  for  several  minutes 
and  occur  at  intervals  of  f r  :n  20  minutes  to  an  hour. 

Such  pressure  effects  have  a  number  of  possible  causes.  For  the 
present  purpose  we  divide  these  into  three  categories.  First  of  all  the 
larger  sporadic  disturbances  mi^ht  arise  fr-un  single  noise-producing  events 
for  instance  shock  waves  from  airplanes,  lightning,  or  any  one  of  a  number 
of  such  occurrences.  It  is  difficult  to  see  how  the  persistent  lower  level 
background  could  arise  from  such  sources  however.  As  a  second  possible 
explanation  we  raifht  consider  local  hydrodynamic  effects.  If  there  were 
air  motion,  relative  to  the  microphone,  such  motion  would  in  general  cause 
local  turbulence  which  would  in  turn  produce  local  pressure  fluctuations. 
These  fluctuations  would  in  general  be  non-propagating.  Thus,  for  in¬ 
stance,  one  would  not  expect  a  cross  correlation  due  to  them  if  there  were 
a  sufficient  separation  between  the  sensing  elements  involved  in  the 
correlation. 


*  Financial  support  for  this  work  was  furnished  by  the  U.  S.  Army  Signal 
Missile  Support  Agency  through  Contract  DA-20-0l8-CRD-2251*0,  with  the 
University  of  Michigan. 


Finally  we  sight  expect  large  regions  of  turbulent  air,  for  instance, 
a  jet  stream,  to  generate  sound  which  could  propagate  to  great  distance  at 
low  freauencies  and  perhaps  give  the  observed  pressure  fluctuation  back¬ 
ground. 

In  what  follows  we  discuss  these  possibilities  in  greater  detail. 
Characteristics  of  Source  Mechanisms 


We  begin  by  discussing  isolated  sources.  For  any  source  whose 
characteristic  time  is  less  than  a  fraction  of  a  second,  we  expect  a  flat 
frequency  spectrum  up  to  5  or  10  cps,  depending  on  the  duration  time 
o~  the  phenomenon.  For  examples  of  such  short  tune  sources  we  could  con¬ 
sider  explosions,  shock  w  -es,  and  lightning.  There  are  of  course  many  other 
sources  which  one  might  think  of,  and  the  frequency  characteristics  of 
such  effects  are  quite  diverse. 

More  can  be  said  concerning  the  characteristics  of  local  pressure 
fluctuations  and  propagating  fluctuations  (sound);  we  turn  to  these  effects 
now. 


Local  pressure  fluctuations  have  been  the  subject  of  considerable 
study  in  controlled  experiments  in  wind  tunnels.  In  order  to  estimate 
the  order  of  magnitude  of  such  pressure  fluctuations  we  apply  Bernoulli's 
principle.  (It  is  of  course  true  that  the  principle  cannot  be  applied 
exactly  unless  certain  conditions  are  met,  notably  in  the  present  case 
we  should  require  the  flow  to  be  time  steady.  However,  for  purposes  of 
estimating,  the  principle  can  be  used  as  can  be  seen  from  dimensional 
arguments  alone.)  The  strict  statement  of  the  principle  asserts  that  the 
♦urn  of  the  pressure  and  the  kinetic  energy  per  unit  volume  is  constant. 
Thus,  the  pressure  fluctuation  from  this  source  is 

and  AU  is  the  velocity  fluctuation.  In  the 
and  for  the  observed  steady  press  re  back- 
,  a  velocity  fluctuatin  of  about  60  cm/sec 
or  1.5  miles  per  hour  would  be  required.  A  relative  air  motion  of  a  mile 
or  two  an  hour  does  not  seem  impossible,  although  further  experimental 
confirmation  of  this  point  is  needed.  The  frequency  spectrum  for  such 
pressure  fluctuations  has  been  measured  by  Reichardt  and  Motzfeld 
(Reference  1).  The  experiments  were  performed  in  a  tunnel  one  meter  wide 
by  2li.U  cm  high.  The  flow  velocity  was  ab~ut  one  meter  per  second.  They 
found  a  power  spectrum  for  the  velocity,  which  from  Bernoulli's  principle 
is  the  same  as  the  frequency  spectr  m  of  the  pressure  fluctuation,  as 
follows.  The  spectrum  rises  to  a  maxim  im  at  between  1  and  2  cps  and  falls 
at  a  rate  of  f“l«7  where  f  is  ^ne  frequency.  This  correspon  d  to  about 
10  db  per  octave  for  the  pressure.  The  balloon  measurements  are  still 
uncertain  on  the  question  of  he  power  spectrum  of  the  background.  Early 
results  for  this  quantity  gave  a  fall  off  of  6  db  per  octave,  somewhat 


where  (?  is  the  fluid  density 
cgs  system,  P  2?  10-*4  gms/cnP, 
ground  of  about  0.2  a^ucs/cm* 
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less  than  the  measurements  of  Reichardt  and  Motzfeld.  However  the  maximum 
of  wind  tunnel  spectr  m  falls  in  the  range  where  strong  frequency  components 
from  the  balloon  measurements  are  observed. 

Another  characteristic  of  the  background  fluctuations  which  is  of 
interest  is  the  probability  distribution  of  the  pressure.*  For  local  effects, 
one  might  expect  the  pressure  to  be  non-Gaussian.  In  fact  since  in  fully 
developed  turbulence  the  velocity  fluctuation  is  known  to  be  Gaussian, 
the  simple  application  o?  Bernoulli 's  principle  leads  to  the  prediction 
that  the  pressure  would  be  very  non-Gaussian.  We  shall  see  that  turbulence¬ 
generated,  and  propagating,  sound  is  quite  different  in  this  respect.  No 
measurements  of  the  probability  distribution  have  yet  been  made. 

We  now  turn  to  a  consideration  of  turbulence-generated  sound.  The 
basic  work  on  the  problem  of  turbulence-generated  sound  was  done  by 
Lighthill  (Reference  2).  He  found  that  the  broad  band  noise  produced  was 
proportional  to  the  eighth  power  of  the  turbulence  Mach  number.  By 
using  the  formulas  developed  by  Lighthill  it  seems  reasonable  to  expect 
sound  pressure  levels  of  from  10"*  to  10"^-  dynes  per  cra^.  For  this 
calculation  a  turbulence  Mach  number  of  10"*  „as  been  used,  corresponding 
to  a  jet  stream  velocity  of  about  70  MPH,  with  an  average  fluctuation  of 
about  7  MPH.  The  power  spectrum  o~  the  sound  "ron  1  urbulence  is  difficult 
to  arrive  at.  It  epends  on  the  turbulence  model  used.  Kraichnan  calcu¬ 
lated  from  his  theory  (Reference  3)  of  turbulence  t  oat  the  power  spectrum 
should  fall  of:  as  'he  first  pover  of  the  f  equency.  On  the  other  hand 
Meecham  and  Ford  (Reference  U)  fund,  by  using  the  Kolno-oroff  inertial 
subrange  theory  of  turb>JLence,  that  the  spectrum  should  fall  off  like  the 
3.5  power  of  the  frequency.  If  it  is  believed  that  the  low  frequency 
background  pres  ure  fluctuation  observed  at  high  altitude  is  due  to  pro¬ 
pagating  sound,  then  the  tentative  measurements  favor  the  Kraichnan  result. 

Since  sound  from  large  turbulent  regions  can  be  thought  of  as  coming 
from  a  large  number  of  statistically  independent  source  systems,  it  is 
expected  that  the  probability  distribution  of  such  pressure  fluctuations 
would  be  Gaussian.  As  stated  above  this  distribution  provides  another 
means  of  distinguishing  between  local  and  propagating  pressure  effects. 

Local  effects  are  probably  quite  non-Gaussian,  as  already  explained. 

Conclusions 


It  seems  likely  from  the  preliminary  results  available  so  far  that 
one  cannot  yet  rule  out  local  effects  as  the  cause  of  the  steady  back¬ 
ground  fluctuation  observ,  d  in  balloon  systems.  The  results  of  cross 
correlation  measurements  involving  two  receivers  locat  d  a  few  hundred 
feet  apart  s.>  far  show  little  correlation.  There  is  however  an  interesting 
correlated  component  which  o-'’urs  for  a  delay  time  of  the  order  of  the 


*  To  the  author's  knowledge  this  criterion  has  not  been  used  for 
experiments  of  the  type  discussed  here.  It  seems  a  potentially  power¬ 
ful  tool. 


sound  propagation  tine  between  the  two  receivers.  Further  investigation 
of  this  point  is  indicated.  As  the  systems  employed  in  these  investiga¬ 
tions  bee one  more  sophisticated  it  is  hoped  that  correlation  techniques 
can  be  used  to  isolate  local  oressure  fluctuation  effects  so  that  the 
propagating  components  alone  can  be  examined. 

At  this  tine,  and  with  the  anount  of  infomation  at  present  available, 
it  seems  that  the  sporadic  prese-ure  signals  nay  be  due  to  local  effects. 
These  signals,  although  they  appear  simultaneously  on  both  channels  of  a 
two  receiver  system,  are  apparently  not  correlated,  indicating  again 
that  they  msy  not  be  propagating  acoustic  signals. 

The  power  spectra  at  present  available  from  these  experiments  are 
not  yet  conclusive,  and  further  comnent  will  be  delayed  on  this  point. 

Finally  the  pressure  probability  distribution  function  is  another 
interesting  criterion  to  apply  to  high  altitude  pressure  fluctuations. 


BIBLIOGRAPHT 


H.  Heichardt  and  H.  Motzfeld,  ZAMH  18,  362  (1938). 

M.  J.  Lighthill,  Proc.  Rog.  Soc.  (London)  A211,  56U  (1952). 

R.  H.  Kraichnan,  Phys.  Rev  109,  ll*07  (1958). 

V.  C.  Meecham  and  0.  W.  Ford,  J.  Acoust.  Soc.  An.  30,  318  (1958). 


Acoustic  Background  at  High  Altitudes 
by 

John  V.  Wescott 


Institute  of  Science  and  Technology 
The  University  of  Michigan 
Ann  Arbor,  Michigan 


Introduction 


This  paper  concerns  the  experimental  phase  of  an  investigation  into 
the  nature  and  sources  of  acoustic  background  noise  at  altitudes  of  about 
60,000  feet  above  the  earth.  The  investigation  is  not  yet  complete,  but 
some  relationships  have  already  been  established  between  high-altitude 
acoustic  noise  and  the  atmospheric  phenomena  which  generate  it. 

One  of  the  major  sources  of  acoustic  background  at  high  altitudes 
has  been  found  to  be  noise  generated  by  the  turbulent  motion  of  air  in 
and  near  the  layer  of  maximum  wind.  This  layer  commonly  lies  at  altitudes 
of  30,000  to  50,000  feet  and  moves  at  speeds  of  50  to  150  knots,  although 
higher  and  lower  wind  speeds  and  altitudes  have  been  measured.  The  wind 
shear  or  gradient  for  the  first  10,000  feet  above  and  below  this  layer  is 
usually  about  5  to  10  knots  per  1000  feet.  The  type  of  fluid  motion 
which  results  is  called  ■shear-flow  turbulence*.  It  is  nonisotrppic 
turbulence  since  the  mean  velocity  of  the  flow  is  a  function  of  altitude. 
This  turbulence  produces  local  compressions  and  rarefactions  of  air 
pressure  and,  therefore,  radiates  acoustic  energy.  In  another  paper 
W.  C.  Msec ham  has  investigated  theoretically  the  power  spectrum  of 
noise  radiated  by  turbulence^-.  Meecham's  theory  predicts  that  the  amount 
of  acoustic  energy  per  cycle  should  fall’  off  as  the  7/2  power  of  fre¬ 
quency  (about  10.7  db  per  octave). 

The  experimental  results  to  be  reported  here  indicate  that  the  power 
spectrum  falls  off  as  the  second  power  of  frequency  or  6  db  per  octave 
measured  on  en  energy  per  cycle  basis.  While  theoretical  and  experi¬ 
mental  results  do  not  agree  exactly,  they  are  reasonably  close.  Further¬ 
more,  the  measurements  which  produced  the  experimental  results  include 
not  only  noise  radiated  by  turbulence  but  other  background  'noise  as 
well.  A  better  understanding  of  what  •'ort  of  noise  background  was 
measured  can  be  had  by  considering  the  equipment  and  procedure  that  was 
used. 

Bqulpment  and  Procedure 

The  essential  feature  of  the  method  for  sampling  high-altitude, 
acoustic  background  noise  lies  in  the  use  of  free-floating  balloons  as 
quiet  observation  platforms.  There  is  so  little  relative  motion  between 
a  balloon  and  the  air  mass  in  which  it  floats  that  local  flow  noise  at 

Financial  support  for  this  work  was  f  rnished  by  the  U.  S.  Arny  Signal 
Missile  Support  Agency  through  Contract  DA-20-01 8-ORD-228UO. 
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a  microphone  hanging  from  the  balloon  is  reduced  almost  to  the  vanishing 
point.  Older  these  conditions  all  acoustic  background  that  has  propagated 
to  the  microphone,  and  is  above  instrument  self -noise,  can  be  detected  and 
transmitted  by  radio  to  a  data  recording  station.  It  has  turned  out  that 
acoustic  background  levels  are  usually  at  least  1*0  db  above  instrument 
noise  for  frequencies  below  100  cps.  Consequently,  instrument  noise  has 
not  been  a  serious  problem  in  this  work. 

Figure  1  shows  a  pair  of  balloons  and  acoustic  probes  about  to  be 
launched. 2*3  When  the  launching  is  completed,  one  probe  hangs  300  feet 
below  the  other  on  the  end  of  a  nylon  cord.  The  two-channel  data  thus 
obtained  is  cross-correlated  to  determine  what  portions  have  propagated 
from  distant  sources  and  what  portions,  is  any,  have  been  generated  lo¬ 
cally.  Each  probe  contains  a  condenser  microphone  with  a  two-inch  diameter 
diaphragm  to  develop  relatively  large  electrical  signals  at  low  sound 
pressure  levels.  A  diaphragm  this  large  would  never  do  for  high-frequency 
work.  Diaphragm  resonances  and  directional  effects  would  become  objection¬ 
able  at  frequencies  as  low  as  1000  cps.  But  acoustic  background  at  high 
altitudes  contains  very  little  energy  at  frequencies  above  200  or  300  cps, 
so  that  advantage  can  be  taken  of  the  extra  sensitivity  of  a  large  diameter 
condenser  microphone.  Microphone  sensitivity  is  about  UO  db  below  one 
volt  for  a  sound  pressure  level  of  1  dyne  per  cm^.  Overall  response  of 
the  micorphone  and  three  stage  audio  amplifier  is  flat  from  1  to  300  cps 
with  an  intentional  roll-off  of  18  db  per  octave  above  300  cps.  Micro¬ 
phone  response  is  sustained  down  to  1  cps  by  using  a  large  chamber  to  iso¬ 
late  the  rear  of  the  diaphragm.  The  chamber  is  vented  through  a  small 
diameter  tube  so  that  changes  in  air  pressure  can  equalize  on  both  sides 
of  the  diaphragm  at  high  altitudes. 

Using  pulse  modulation  techniques,  amplified  data  from  the  microphone 
is  transmitted  on  an  RF  carrier  frequency  of  1680  K  to  a  tracking  station 
shown  in  Figure  2.  Only  l/2  watt  of  RF  power  is  transmitted  from  each 
balloou-borne  probe,  but  the  servo-controlled  parabolic  antenna  shown  on 
top  of  the  tracking  van  has  such  high  gain  that  a  useable  RF  signal-to- 
noise  ratio  is  maintained  until  the  probe  drifts  over  the  horizon.  For  a 
balloon  altitude  of  60,000  feet  the  line-of -sight  range  is  300  miles.  Thus, 
depending  on  wind  speed  at  60,000  feet,  up  to  ten  hours  of  data  may  be 
acquired  from  one  flight.  Azimuth  and  elevation  angles  to  the  probe  axe 
determined  by  antenna  position  as  it  tracks,  and  are  displayed  and  recorded 
automatically  in  the  van. 

Figure  3  is  an  interior  view  of  the  van.  Tracking  information  is  dis¬ 
played  and  recorded  by  the  equipment  bay  on  the  right.  The  next  bay  con¬ 
tains  equipment  for  recording  meteorological  data.  Received  acoustic  data 
is  demodulated  and  recorded  on  magnetic  tape.  An  FM  tape  recorder  shown 
in  the  next  bay  is  used  to  preserve  the  low-frequency  content  of  the  origi¬ 
nal  Ai^nal.  An  oscilloscope  on  the  left  is  used  for  circuit  checks  and 
ttStai  observation  of  incoming  acoustic  signals.  The  entire  system  from 
probe  and  transmitter  through  ground  based  receiver  and  tape  recorder  is 
calibrated  prior  to  each  flight.  System  response  is  held  flat  to  within 
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III-9  Figure  3  Interior  View  of  Van 


5  db  or  better  from  about  1/2  to  300  cps.  System  sensitivity  is  set  so 
that  when  a  tape  recording  is  played  back  for  analysis,  an  output  signal 
of  1  volt  is  equivalent  to  an  original  sound  pressure  level  of  1  dyne  per 
square  cm. 

A  block  diagram  of  the  two-channel  receiving  system  is  shown  in 
Figure  lu  The  feature  of  this  system  is  that  it  requires  only  one  high- 
gain,  automat ic-tracking  antenna.  Advantage  is  taken  of  the  fact  that 
two  different  IF  frequencies  can  be  developed  by  one  local  oscillator  and 
mixer  circuit  by  merely  tuning  the  probe  transmitters  to  slightly  different 
frequencies.  The  frequencies  chosen  are  1660  and  1695  MC.  Both  receivers 
contain  rather  elaborate  electro-mechanical  automatic  frequency  control 
systems  to  allow  for  drifting  of  the  transmitter  frequencies. 

Experimental  Results 

With  the  equipment  described  the  following  results  have  been  obtained 
on  the  basis  of  17  balloon  flights  made  during  the  summer,  fall  and  winter 
months  of  I960  from  Ann  Arbor,  Michigan.  The  average  sound  pressure  level 
at  60,000  feet  above  the  earth  as  measured  over  a  bandwidth  from  2  to  300 
cps  is  about  0.2  dynes/cm^.  Frequency  analysis  of  the  quietest  data  samples 
shows  that  the  acoustic  power  spectrum  falls  off  as  the  second  power  of 
*  frequency  (6  db  per  octave)  when  measured  on  an  energy  per  cycle  basis. 

This  value  is  somewhat  less  than  the  seven  halves  power  predicted  by 
Meecham.  Figure  5  shows  some  typical  examples  from  the  data  analysis  which 
led  to  the  experimental  result.  These  measurements  were  made  over  a  fre¬ 
quency  region  of  1  to  150  cps  with  a  spectrum  analyzer  having  a  constant 
bandwidth  of  1  cps.  This  is  fortunate  since  the  output  of  the  analyzer 
displays  the  spectrum  directly  on  an  energy  per  cycle  basis.  Each  frame 
is  a  complete  frequency  analysis  taken  over  a  two-second  period  of  time. 

Several  flights  have  been  completed  with  two  acoustic  probes  hanging 
from  one  balloon  system;  that  is  with  one  probe  hanging  below  the  other 
at  the  end  of  a  long  nylon  cord.  A  magnetic  tape  recording  of  the  two- 
channel  data  from  one  of  these  flights  has  b‘  en  cross -correlated  by  using 
the  electronic  multipliers  of  a  Pace  Analog  Computer ,  and  delaying  the 
playback  of  one  data  channel  with  respect  to  the  other  by  various  incre¬ 
ments  of  time.  The  purpose  of  this  was  to  determine  whether  or  not  a 
significant  portion  of  the  acoustic  background  at  60.000  feet  propagates 
to  these  altitudes  from  lower  altitude  atmospheric  turbulence.  The  re¬ 
sult,  as  shown  in  Figure  6,  indicates  a  pronounced  cross-correlation  of 
over  20 %  for  a  time  delay  between  channels  of  0.105  seconds.  Microphone 
spacing  was  150  feet  for  this  flight.  The  average  speed  of  sound  in  the 
altitude  range  from  35*000  to  60,000  feet  was  about  1000  feet  per  second. 

The  apparent  angle  from  the  vertical  at  which  t  he  correlated  portion  of 
the  acoustic  background  reached  the  microphones  is  calculated  as, 
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0.105  sec  x  1000  ft/sec 
150  ft. 


U5°  (approx.). 
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From  this  result  it  seems  that  an  acoustic  probe  placed  above  a  plane  of 
uncorrelated  sound  sources,  such  as  atmospheric  shear-flow  turbulence, 
will  detect  an  apparent  ring-shaped  source  of  radius  equal  to  the  height 
of  the  probe  above  the  plane.  The  main  c  .nclusion  drawn  from  Figure  6, 
however,  is  that  there  is  definitely  a  significant  amount  of  acoustic 
background  noise  that  propagates  to  60,000  feet  from  some  other  altitude, — 
enough  to  produce  a  20 %  correlation  peak.  It  seems  likely,  from  meteorolo¬ 
gical  considerations,  that  the  major  source  of  this  propagating  noise  is 
lower  altitude  atmospheric  turbulence.. 

In  addition  to  the  preceding  resul! e  some  interesting  phenomena  have 
been  made  evident  by  the  form  of  data  analysis  shown  in  Figure  7.  Here 
one  can  see  the  way  in  which  the  acoustic  pressure  spectrum  varies  with 
time.  Sound  pressure  level  is  proportional  to  the  darkness  of  the  trace, 
frequency  reads  from  left  to  ri,~ht  and  time  procedes  from  top  to  bottom. 

This  four-minute  segment  of  data  snows  the  Doppler  effect  that  occurs 
whenever  a  piston  engine  aircraft  comes  within  acoustic  range  of  the  bal¬ 
loon-borne  microphone,  passes  by  and  then  recedes  in  the  distance.  Note 
the  double  trace  with  the  steeper  sloped  portion  representing  the  Doppler 
shift  of  sound  propagating  directly  from  aircraft  to  probe.  The  trace 
having  less  slope  represents  a  reflected  path  from  aircraft  to  earth  to 
probe. 

If  straight,  constant  spe  d  flight  is  assumed,  the  range  and  speed 
of  the  aircraft  can  be  calculated  from  the  shape  o’  the  Doppler  curve. 

What  is  challenging  about  this  data  is  that  it  would  be  possible  to  meas¬ 
ure  the  absorption  per  unit  distance  of  low-freq  ency  sound  in  air  if  the 
sound  source  were  omnidirectional.  Unfortunately,  an  airplane  is  not  an 
omnidirectional  sound  source  and,  for  s-  und  pressure  measurements  along 
the  Doppler  curve  to  be  useful,  one  wo. Id  ave  to  know  the  directivity  of 
the  source  and  the  posture  of  the  source  relative  to  the  receiver  for 
each  measurement. 

In  all  of  the  flights  launched  so  far  there  have  been  sporadic 
occurrences  of  strong,  very  lcw-frequency  signals  that  persist  from  half 
a  minute  to  several  minutes.  These  events  were  detected  at  least  once  and 
often  two  or  three  times  in  one  hour  during  the  summer  months.  The  rate 
of  occurrence  seemed  to  drop  to  once  every  hour  or  two  during  the  winter, 
indicating  that  there  may  possibly  be  a  seasonal  effect.  Data  analysis 
shows  these  signals  to  lie  in  the  frequency  region  below  $  cps  and  to  have 
pressure  amplitudes  of  about  10  dynes/cm^.  It  has  not  yet  been  estab¬ 
lished  what  causes  all  of  these  disturbances,  out  a  n  .mber  of  probable 
causes  have  been  suggested.  Any  object,  man-made  or  natural,  that  moves 
through  the  atmosphere  at  supersonic  speeds  generates  shock  waves.  The 
high-frequency  content  of  a  shock  wave  is  attenuated  rapidly  as  the  wave 
propagates  in  the  atmosphere.  This  is  due  principally  to  molecular 
absorption  which  is  severe  at  higti  frequencies.  The  shock  wave  degenerates, 
therefore,  into  a  low-frequency  pressure  wave.  A  low-frequency  disturbance 
can  propagate  over  great  distances  with  very  little  energy  absorbed.  More¬ 
over,  natural  sound  ducts  caused  by  minimum  temoerature  layers  in  the 
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atmosphere  can  channel  a  low-frequency  acoustic  signal  and  greatly  in¬ 
crease  the  range  over  which  it  can  be  detected.h>5  Some  of  the  possible 
sources  of  the  strong  signals  detected  are  meteors,  lightning  bolts,  tor¬ 
nadoes,  supersonic  aircraft,  missiles,  explosions  and  perhaps  certain 
earthquakes  which  move  the  ground  enough  to  radiate  seismic  energy  into 
the  air. 

Some  idea  can  be  gathered  about  two-channel  correlation  of  total 
events  from  Figure  8.  The  acoustic  pressure  spectrum  as  it  varies  with 
time  is  shown  for  two  microphones  spaced  300  feet  apart  at  an  altitude 
of  60,000  feet.  Acoustic  pressure  is  roughly  proportional  to  the  dark¬ 
ness  of  the  trace.  Figure  8  shows  that  in  an  hour  and  a  half  there  were 
several  infrasonic  disturbances  that  correlated  as  total  events. 

An  interesting  sidelight  shown  in  Figure  8  is  the  strong  signal  de¬ 
caying  with  time  at  the  beginning  of  each  record.  The  balloon  system 
carrying  the  acoustic  probes  which  furnished  the  data  was  just  completing 
its  ascent  prior  to  leveling  off  at  this  time.  Maximum  ascent  rate  was 
about  1000  feet  per  minute  or  12  mph,  and  hydrodynamic  flow  past  the 
microphones  is  clearly  evident.  The  dynamic  range  for  this  type  of 
analysis  is  about  12  db  from  black  to  white.  Note  how  this  transition 
occurs  within  about  one  octave  indicating  that  local  flow  noise  probably 
has  a  steeper  roll-off  characteristic  with  frequency  than  noise  propa¬ 
gating  from  turbulence. 
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As  more  and  more  investigation  of  acoustic  phenomena  at  high  altitudes 
is  performed,  knowledge  of  the  acoustic  noise  spectrum  gains  the  same  rela¬ 
tive  import  as  that  of  its  electromagnetic  counterpart. 

An  opportunity  to  add  to  this  knowledge  was  provided  by  the  library 
of  such  data  gathered  in  some  sixty  balloon  flights  made  by  the  Applied  Science 
Division,  Helper,  Inc.  from  Rome  Air  Developement  Center  in  1959*  These 
flights  employed  a  microphone  and  FM-FM  telemetry  system  that  enabled  recording 
of  audio  and  sub-audio  signals  at  62,000  feet. 

The  sensor,  a  condenser  microphone  with  a  frequency  response  flat  from. 
0.1  cps  to  500  cps,  modulated  a  voltage  controlled  !M  oscillator  at  200  kc.  * 
A  radiosonde  transmitter  was,  in  turn,  modulated  by  the  200  kc  subcarrier; 
receiving  and  tracking  were  accomplished  with  standard  Ravin  gear  Whose 
output  was  translated  to  a  10.5  kc  IRIO  FM  sub  carrier  for  magnetic  tape 
recording. 

It  should  be  noted  that  in  certain  cases  the  sensor  output  was  attenu¬ 
ated  in  order  to  require  a  larger  acoustic  input  for  a  given  change  in  the 
frequency  of  the  subcarrier.  Discarding  these  Instances,  only  32  of  the  60 
odd  flights  are  deemed  applicable  to  an  analysis  of  the  noise. 

In  the  laboratory  the  10.5  kc  subcarrier  was  discriminated  to  obtain 
the  original  audio,  or  sub-audio,  input.  This,  in  turn,  was  passed  through 
a  series  of  half -octave  bandpass  filters,  contiguous  from  0.125  cps  to  512 
cps,  producing  an  amplitude  versus  time  display  for  each  half  octave;  and  by 
mounting  these  half  octave  charts  in  sequence,  a  "pseudo"  three  dimensional, 
l.e.,  frequency,  amplitude,  time,  display  niiy  be  obtained.  For  a  selected 
time  on  this  display,  the  noise  level  in  each  half  octave  was  determined  and 
plots  of  sound  pressure  level  versus  frequency  produced  for  each  balloon 
flight.  Seven  such  plots  are  superimposed  on  the  scale  of  Figure  1. 

Assurance  is  granted  that  these  are  plots  of  acoustic  rather  than 
systemic  noise  by  Figure  2.  This  is  a  record  of  systemic  noise,  obtained 
by  flying  the  system  with  a  disabled  microphone  electrometer,  and  of  course, 
includes  all  noise  sources  of  the  transmission,  receiving,  discriminating, 
and  data  handling  processes .  The  rise  in  level  starting  at  20  cps  is 
attributed  to  a  combination  of  the  receiving  antenna  scan  mechanism,  power 
line  pickup,  and  at  the  high  frequencies,  frequency  modulation  effects.  Note 
that  between  0.25  eps  and  6.0  cps  the  average  level  is  approximately  16  db. 

It  is  precisely  because  of  the  low  noise  in  this  frequency  region  that  this 
discussion  is  confined  to  these  five  octaves. 

For  the  32  flights  selected  for  analysis  the  range  of  pressure  sound 
levels  varied  from  32*3  db  referenced  to  0.0002  dynes/cm2  to  53.6  db. 
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Several  rudimentary  attempts  were  made  to  correlate  the  occurrence  of  these 
levels  with  the  known  meteorological  data. 

The  first  of  these  was  an  effort  to  correlate  the  values  of  the  wind 
at  62,000  ft.  with  the  sound  pressure  levels.  See  Figure  3-  The  circled 
points  indicate  local  thunderstorm  activity  as  reported  by  the  tracking  sites. 

Second;  correlation  of  the  noise  with  maximum  winds  in  the  acoustic 
duct  below  the  balloon  was  attested;  and  the  result  is  shown  in  Figure  4. 

The  third  correlation  effort  was  to  match  noise  with  the  average  wind 
gradient;  i.  e.,  the  difference  between  the  values  of  wind  speed  at  70,000  ft. 
and  50,000  ft.  Once  again;  as  demonstrated  in  Figure  5>  no  significant  posi¬ 
tive  result  was  obtained. 

Several  other  efforts  to  determine  the  cause  of  the  different  noise 
levels  were  made,  including  attempted  correlations  with  magnetic  activity", 
temperature  and  sound  velocities.  None  of  these  proved  fruitful. 

The  lack  of  correlation  produced  by  these  efforts,  disappointing  though 
it  is,  may  be  shown  as  premature  by  the  use  of  more  sophisticated  techniques . 
The  thunderstorm  reports  available,  may,  at  best,  be  lnconplete.  An  attack 
on  the  problem  using  more  conplete  data  (believed  available  through  the  U.  S. 
Weather  Bureau)  is  suggested. 

At  this  point  it  was  felt  that  contrary  to  a  previous  conclusion  the 
difference  in  noise  level  might  be  systemic;  a  correlation  between  the  noise 
and  the  range  of  the  telemetry  link  might  have  been  possible.  The  endeavor 
was  made  to  show  this  (see  Figure  6);  and  once  more,  the  outcome  was 
negative.  However,  from  the  viewpoint  of  system  performance,  this  result 
is  a  happy  one. 

As  correlary  to  increasing  confidence  in  the  actual  measurements 
performed,  an  inspection  was  made  of  the  data  acquired  during  the  same 
time  period  for  widely  separated  sensors.  In  fact,  there  were  several 
occasions  when  data  was  available  from  balloon-borne  microphones  separated 
by  200  to  300  miles  for  the  same  half  hour  period.  When  the  spectra  of 
the  output  of  both  sensors  is  plotted  on  the  same  scale,  certain  similarities 
in  shape  are  evident,  nils  similarity  suggests  that  the  mechanism  responsible 
for  the  acoustic  noise  at  62,000  feet  may  not  be  a  local  one,  but  instead, 
some  gross  geophysical  phenomena.  Same  examples  of  these  dual  spectra  are 
shown  in  Figures  7-13* 

The  time  has  not  been  available,  unfortunately,  to  pursue  the  hypothesis 
of  a  ranging  effect  of  great  magnitude;  however,  the  hint  of  such  a  phenomena 
is  made  by  these  illustrations  and  should  not  be  dismissed  without  continued 
investigation. 

Je  average  Bound  pressure  for  the  32  flights  was  found  to  be  0.03 
in  the  band  from  0.25  cps  to  8.0  cps,  corresponding  to  a  sound 
pressure  level  of  43* 3  dh  referenced  to  0.0002  dynes/cm^.  The  associated 
standard  deviation  is  *6.84  db.  The  variance  of  sound  pressure  level 
observed  was  as  low  as  32.3  db  to  as  high  as  53 >6  db.  This  implies  a  range 
of  pressures  of  less  than  0.01  dynes/cm*  in  this  frequency  band. 
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From  an  inspection  of  the  noise  curves  at  higher  f requeue ies 
it  seemed  a  plausible  assumption  that  the  noise  contained  in  the  next  five 
octaves,  namely  8.0  cps  to  25 6  cps,  is  approximately  equal  in  Intensity  to 
that  of  the  five  octaves  belov  8.0  cps.  Notice  that  this  would  add  only 
3  db  to  the  average  figure  given  and  hence  the  new  average  sound  pressure  for 
the  band  between  0.25  cps  and  256  cps  would  be  0.U  dynes /cur. 

The  sound  pressure  level  for  each  half -octave  band  was  averaged  for 
the  32  flights  and  the  resultant  average  spectrum  is  shown  in  Figure  14. 

Of  special  significance  here  is  the  possibility  of  comparing  this 
average  spectrum  with  tie  theoretical  spectrum  developed  by  the  University 
of  Michigan  group.  Meecham,  Westcott,  and  Jackson,  in  their  paper  for  the 
Acoustical  Society  meeting  of  October  i960,  suggested  a  power  spectrum  fall 
off  on  the  order  of  l/w3*5.  Figure  15  shows  the  average  spectrum  for  these 
32  flights,  a  line  corresponding  to  a  l/v2  fall  off,  and  a  line  corresponding 
to  a  l/w3  fall  off.  As  can  be  seen  in  the  figure,  and  the  average  fall  off 
is  closer  to  a  l/w2  dependence  than  that  theoretically  predicted. 
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PRELIMINARY  ANALYSIS  OF  ACOUSTIC  DISTURBANCES 
GENERATED  BY  THE  SCOui'  ST-1 
James  F.  Settle 

Schellenger  Research  Laboratories 
Texas  Weatem  College 
El  Paso,  Texas 


BACKGROUND 

Schellenger  Research  Laboratories,  under  contract  to  Missile 
Meteorology  Division,  White  Sands  Missile  Range,  New  Mexico,  designed  and 
developed  an  airborne  acoustic  sensing  telemetry  system  for  investigation 
of  atmospheric  disturbances  In  the  sub-audio  range.  This  system  Is  called 
the  Pulsonde  system  and  is  capable  of  a  flat  response  to  detect  disturbances 
in  the  range  of  0.5  cpe  to  above  50  cps. 

This  preliminary  report  is  on  the  Pulsonde  operation  covering  the 
Scout  ST-1  rocket  firing  of  2  July  i960  at  Wallops  Island,  Virginia.  This 
operation  vas  conducted  under  contract  to  Missile  Meteorology  Division  in 
conjunction  with  Goddard  Space  Flight  Center  of  the  National  Aeronautics 
and  Space  Administration  at  Wallops  Island,  Virginia. 

This  report  presents  only  the  first  few  events1 2  received  by  the  Wallops 
Island  Pulsonde  and  is  a  detailed  correlation  of  received  events  to  those 
predicted. 

CORRELATION 

Ideally,  the  analysis  of  the  Scout  operation  vould  be  to  account 
for  every  disturbance  received  at  the  Pulsonde  during  the  expected  times 
of  arrival  of  the  Scout  noise  generations.  The  necessary  supporting  in¬ 
formation  vas  available  for  this  operation  and  an  ideal  situation  could  be 
approached.  Some  of  the  more  important  goals  to  be  reached  in  the  analysis 
are:  to  identify  the  origin  time  and  location  of  the  received  events,  to 
determine  the  types  of  sources  received  (motor  and/or  ballistic),  and  to 
determine  the  attenuation  between  event  origin  and  event  reception. 

The  solution  of  each  step  is  dependent  upon  the  results  of  each  pre¬ 
ceding  step.  Thus  far,  step  one  has  been  partially  and  sucessfully  com¬ 
pleted.  That  is,  most  of  the  events  received  at  the  Wallops  Island  Pulsonde 
during  the  first  few  minutes  of  reception^  have  been  identified  as  to  origin 
location  and  time.  Job  priority  and  time  have  prevented  identification 
of  the  later  events,  nor  has  there  been  an  opportunity  to  include  pressure 
and  frequency  content  of  the  received  events.  This  will  be  presented  in 
a  later  report. 


1 

An  event  is  considered  any  irregular  acoustic  disturbance  received 
at  the  Pulsonde. 

2 

Additional  events  of  some  type  and  origin  were  detected  about  10 
minutes  after  those  presented  here.  As  of  this  date  they  have  shown  no 
relationship  to  events  that  might  have  been  generated  by  the  Scout  rocket. 
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BRIEF  DESCRIPTION  OF  TELEMETRY  SYSTEM 


The  Pulsonde3  is  a  balloon-borne  electronic  telemetry  instrument  which 
operates  on  the  pulse  position  modulation  method.  The  acoustic  detection 
is  by  a  capacitor  microphone  which  modulates  a  3 >000  pulse  per  second  sub¬ 
carrier  which  in  turn  amplitude  modulates  the  1680  me  RF  carrier. 

The  circuitry  of  the  Pulsonde  is  an  adaptation  of  the  standard  radio¬ 
sonde  so  that  the  transmitted  signal  may  be  received  by  a  slightly  modified 
Ground  Meteorological  Detector  (GMD).  In  addition  to  the  (30,  the  ground 
station  consists  of  timing,  communication,  and  recording  facilities. 

Acoustic  data  transmitted  from  the  Pulsonde  was  recorded  on  magnetic 
tape  using  a  multi-channel  Precision  Instrument  tape  recorder. 

Essential  information  for  successful  operation  and  analysis  on  the 
Scout  was:  upper  winds  from  surface  to  70,000  feet  for  pre-setting  of  the 
constant  level  balloon;  azimuth  and  elevation  of  Pulsonde  during  event 
arrivals  for  Pulsonde  position  determination;  time  of  day  to  one  second 
accuracy  to  correlate  events;  sound  propagation  profiles  from  surface  to 
400,000  feet  MSL  and  complete  rocket  performance  data. 

ROCKET  PERFORMANCE 

The  Scout  ST-1  was  a  four-stage,  17  ton  rocket.  T-Zero  for  the  2  July 
I960  firing  was  0003:54  ZULU.  The  performance  was  satisfactory  and  very 
nearly  that  predicted  prior  to  flight.  The  planned  destination  was  4,700 
miles  from  the  launch  site,  out  because  tne  rocket  'appeared"  to  veer  off 
course  after  120  seconds  of  flight  the  range  safety  officer  ordered  that 
the  fourth-stage  should  not  fire.  As  a  result  the  Scout  impacted  some 
1,500  miles  off  the  coast  of  Virginia  after  an  otherwise  well  predicted 
trajectory. 

The  trajectory  of  the  rocket  with  respect  to  the  Wallops  Island 
Pulsonde  is  shown  in  Figure  2.  Other  rocket  performance  data  is  shown 
in  Figures  3  and  4. 

ANALYSIS  AND  RESULTS 

In  predicting  the  event  arrivals,  the  rocket  trajectory  (Figure  2), 
sound  profile  (Figure  l).  Rocket -Pulsonde  separation  distances  (Figure  4), 
and  rocket  performance  of  the  first,  second,  and  third  stages  had  to  be 
known.  The  Langley  Research  Center  of  the  National  Aeronautics  and  Space 
Administration  provided  the  necessary  rocket  information  while  the 
meteorological  support  group  at  Wallops  Island  supplied  the  weather  data 
from  which  the  lower  portion  (surface  to  100,000  feet)  of  the  sound 
propagation  profile  was  calculated.  The  sound  propagation  above  100,000 
feet  was  taken  from  the  ARDC  (1959)  standard  atmosphere  model.  These  pro¬ 
files  are  shown  in  Figure  1. 


3 

Fugate,  Francis  L.,  PULSONDE  ACOUSTICAL  SENSING  DEVICE,  Schellenger 
Research  Laboratories,  El  Paso,  Texas,  April  i960. 
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Proa  all  the  combined  data  of  the  atmosphere  and  rocket -Palsonde 
position  in  space,  a  mathematical  model  vas  constructed  to  determine  the 
paths  of  sound  from  the  rocket  to  the  Palsonde.  Each  succeeding  second 
after  T-Zero  was  considered  as  a  new  sound  source  along  the  rocket 
trajectory.  Therefore,  120  sources  of  rocket  motor  noise  were  possible 
during  the  first  120  seconds  of  flight.  However,  no  motor  noise  would 
occur  between  the  burnout  and  ignition  of  various  stages  which  were 
during  the  intervals  of  T  +  4k  seconds  to  T  +  62  seconds  (between  first 
and  second  stages),  and  T  +  98  seconds  to  T  +  107  seconds  (between  second 
and  third  stages).  There  then  remained  101  events  to  ray  trace. 

Rocket  velocity  and  atmosphere  data  indicate  ballistic  waves  should 
have  begun  forming  at  T  +■  13  seconds  (Figure  3).  This  effect,  although  an 
imporcant  one,  has  not  been  considered  in  this  preliminary  analysis 
because  a  suitable  mathematical  model  has  not  been  prepared  as  of  this 
writing. 

The  atmosphere  from  the  surface  to  1+00,000  feet  M3L-  was  divided  in¬ 
to  18  sound  propagation  layers  based  upon  regions  of  constant  temperature 
gradient.  For  each  second  of  rocket  flight  under  consideration  an  average 
speed  of  sound  was  calculated  along  a  straight  line  path  between  the 
rocket  position  end  the  Pulsonde  position.  From  this  speed  of  sound  and 
the  straight  line  distance,  ray  arrival  times  were  predicted. 

The  possibilities  of  sound  refraction  and  absorption  along  these 
paths  were  not  considered.  This  was  practically  impossible  in  that  the 
angle  at  which  the  events  arrived  at  the  Pulsonde  could  not  be  determined 
to  facilitate  ray  tracing  back  to  the  source  origin.  Thus,  the  rays 
traced  were  from  the  source  positions  to  the  Pulsonde  and  along  a  straight 
line  path  with  varying  sound  velocities. 

Table  1  tabulates  the  resulting  arrival  times  at  the  Pulsonde  for 
101  event  origins.  It  will  be  noted  that  in  many  cases,  especially  during 
the  first  93  seconds  after  T-Zero,  there  are  events  predicted  to  arrive 
simultaneously  even  though  all  have  different  origin  times.  It  should 
be  obvious  from  trie  rocket  trajectory  (Figures  2  and  l )  and  the  sound 
propagation  (Figure  l)  between  the  rocket  and  Pulsonde  that  this  Is  quite 
possible. 

Figure  5  shows  the  envelopes  that  represent  the  number  of  events 
predicted  to  arrive  to  those  that  were  actually  received.  The  amplitudes 
of  the  two  are  independent  since  the  actual  events  shown  are  DC  ampli¬ 
tude  as  a  function  of  time  and  were  obtained  from  an  infrasonic  analyzer 
with  a  wide  band  amplifier  (.01-1000  cps)  and  rectifier  system  with  1.0 
second  smoothing.  The  arrivals  at  about  0010:1+0  ZULU  were  of  larger 

"  1+ 

Barnes,  T.  G.,  VELOCITY  GRADIENT  METHOD  OF  RAY  TRACING  IN  THE 
ATMOSPHERE,  Schellenger  Research  Laboratories,  El  Paso,  Texas,  August  1956. 


219 


220 


IV- 1  TABLE  I  (Continued) 


Origin  Time  after  T-Zero 
(sec) 


Predicted  Arrival  Time 
(min  and  sec  after  0000  Z) 


None 


11:13-16 


11:17- 


11:21 


1 1:25 


11:29 


11:33 


12:29 


12:33 


12:37 


12:41 


12:45 


12:49 


12:53 


12:57 


13:01 


13:05 


13:09 


13:13 


13:17 


13:21 


13:25 


13:29 


-20 


-24 


-28 


-32 


-36 


-32 


-36 


-40 


-44 


-48 


-52 


-56 


-13:00 


-04 


-08 


-12 


-16 


-20 


-24 


-28 


-32 
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amplitude  than  those  shown  since  the  signal  was  of  sufficient  amplitude  to 
block  the  Pulsonde.  This  blocked  portion  is  believed  to  be  that  which 
corresponds  to  events  originating  closest  to  the  Pulsonde  as  emphasized 
above.  The  first  two  peaks  that  appear  are  unaccounted  for.  They  are 
presently  believed  to  be  shock  waves  and  may  be  determined  by  future 
analysis. 

CONCLUSIONS 

It  is  always  difficult  to  draw  conclusions  on  only  one  experimental 
operation  of  this  nature.  The  results,  however,  appear  convincing  enough 
to  say  that  the  correlation  of  the  events  are  more  than  just  coincidence. 

Further  investigations  are  being  conducted  at  this  time  to  fully  con¬ 
firm  these  results.  Analysis  of  other  operations  of  a  similar  nature 
(Pulsonde  near  the  trajectory  of  a  large  rocket  or  missile)  are  expected 
to  strengthen  these  examples. 

The  mathematical  solution  to  the  above  analysis  will  be  explained 
in  a  final  report. 
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SOUND  TRANSMISSION  LOSS  FOR  NEAR-VERTICAL  ATMOSPHERIC  PROPAGATION* 

E.  Alan  Dean 

Schellenger  Research  Laboratories 
Texas  Western  College 

In  the  analysis  of  the  signal  amplitude  received  from  upper  atmospheric 
detonations  as  part  of  the  rocket -grenade  experiment,  two  facts  became  ap¬ 
parent: 

1)  It  is  Impossible  to  receive  signals  from  above  about  95  kilometers, 
which  qualitatively  support  Schrodinger ' s  **  work  based  on  classical  ab¬ 
sorption.  The  pressure  of  about  a  micron  of  mercury  at  this  altitude  in¬ 
creases  the  frequency-to-pressure  ratio  to  5  megacycles  /  atm,  causing 
large  absorption,  even  though  the  frequency  is  only  5  eps. 

2)  The  amplitude  vs.  altitude  function  is  not  monotonlcly  decreasing, 
and  there  is  correlation  between  amplitude  and  temperature,  suggesting 
refractive  focusing. 

In  order  to  check  this  theory,  calculations  have  been  made  for  the 
transmission  loss  for  near -vert leal  atmospheric  propagation,  and  these 
calculations  have  been  compared  to  the  observed  amplitudes.  Although  not 
fully  analyzed,  the  results  thus  far  have  been  inconclusive.  The  large 
spread  of  the  data  is  consistent  with  other  atmospheric  propagation  studies, 
although  it  was  thought  that  less  spread  should  result,  since  accurate 
meteorological  data  are  obtained  from  the  rocket-grenade  experiment  it¬ 
self,  and  there  is  no  reflection  problem  as  with  ground  level  measurements. 

Thus  far,  only  paper  tape  reproductions  of  the  signals  have  been 
available.  In  the  future,  we  hope  to  have  magnetic  tapes,  which  will  allow 
transmission  loss  vs.  frequency  to  be  studied,  thus  improving  the  analysis. 


In  theory,  the  transmission  loss  has  been  divided  into  two  forms, 
absorption  losses,  and  losses  due  to  divergence  and  refraction.  The 
absorption  loss  does  not  consider  the  vibrational  absorption,  as  the  humidity 
is  not  known.  The  losses  Included  are  those  due  to  viscosity,  thermal 
conduction,  and  rotational  relaxation,  and  as  such,  are  about  35 1>  greater 
than  the  classical  absorption  and  used  by  Schrodinger.  The  empirical 
formula  for  the  absorption  coefficient  used  was 


a 


3.52  x  10“*f*T 

“TTTTT3TT 


where  P  =  ambient  pressure  in  N/m^  ,f  =  frequency  in  cps,  and  T  =  tempera¬ 
ture  in  °K.  One  would  expect  this  to  be  a  minimum  absorption  and  that  there 
would  be  excess  absorption  due  to  vibrational  rotation.  After  intergra- 
tlon  in  a  constant  temperature  layer  having  a  sound  speed  c,  height  h,  and 


*  Supported  by  National  Aeronautic  and  Space  Administration,  contract 
NAS  5-556. 

**  E,  Schrodinger.  1917*  Zur  Akustik  der  Atmosphere.  Physik.  Zeit.  18:445. 
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ray  elevation  angle  c  , 
layers,  becomes 


where  ^  =  y  gihi/2ci 


a 

2 


the  absorption  loss  when  summed  over  several 


3  8.686 


l 


hi  ai  8lBMi 
X1eXi  sin«1 


> 


The  derivation  of  the  divergent  and  refractive  loss  can  be  obtained 
with  the  help  of  Figure  1.  Consider  a  source  S  at  the  top  of  layer  s. 

Let  dW  be  the  power  radiated  by  the  source  within  the  ray  bundle  defined 
by  the  differential  pyramid  having  vertex  angles  of  deQ  .  The  component 
of  the  intensity  normal  to  the  wave  front  at  any  point  on  the  ray  will  be 


’n 


dW 

dS 


where  dS  is  the  base  area  normal  to  the  ray.  Suppose  the  plane  of  Figure  1 
is  the  azimuth  plane  of  the  ray,  then  the  side  of  dS  which  is  parallel  to 
this  plane  at  various  boundaries  is  represented  by  AC,  EE,  etc.  Let  this 
side  be  denoted  by  dx,  a  function  of  height,  z.  At  the  boundary  between 
layers  s  and  s-1,  this  distance  is 


where  e  is  the  elevation 
hs  is  the  height  of  layer 


dX 


s 


hSd*B 

aim  c 


s 

angle  of  the  ray  as  it  leaves  the  source, 
s. 


and 


To  find  dxB-1,  or  BE,  construct  CD  parallel  to  the  refracted  ray  AB. 
But  ray  SC  is  refracted  so  that  it  talses  the  path  CE.  It  follows  that 
angle  DCE  is  the  change  in  refracted  angle  due  to  the  change  in  incident 
angle  de  .  Then 

B 


BD 


h  n  de  . 

8-1  B-l 


sine 


s-1 


> 


where  d^g.^  =  angle  DCE.  Referring  to  the  insert,  and  neglecting  the 
fact  that  CD'  is  not  parallel  to  SA  (this  difference  for  triangle  ACD' 
is  of  second  order  in  dm),  one  has 


and 

so  that 


yielding 

CLXg.l 


sin€s_i 

sinfig 


AC  =  AD' sin  « 

B 

BD*  =  ED  =  AD'sinSg.!, 

BD  =  8ln€s-l  , 

^  sines 

M  €s  +  b»-l  *•-!  . 

sin€s 
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IV-2  Figure  1  The  azimuth  plane  showing  ray  path 
from  source  5  through  two  layers. 


Likewise , 


dx 


s-2 


flin«B.2  /  sincg.!  V«s  ,  Vl4*  s-1  1  ,  *s-2  ^8-2 


sine 


8-1 


sine. 


sine. 


sin*s-l 


sint8_2 


which  nay  be  generalized  to:  s 

\  ^  hi  de  i 

dxg_n  ■  sine8_n  d  €  8  \  •  __  t 

/eitF^  de8 
I*  s-n 

The  value  of  the  derivative  de^/deg  nay  be  obtained  from  the  differen¬ 
tiation  of  Snell’s  law:  this  results  in 

2 

d€£  _  cs  sine8  cos  e^ 


de 


s 


sine^ 


cos 


and  substitution  yields 

c8  slnc8_n  sine 8  de8 


dx. 


s-n 


- 2 — 

COS  €g 


Z 


h^  cot 


sincj 


lnS-)T) 


To  find  the  adjacent  side  of  dS,  one  must  consider  a  ray  which  emerges 
at  an  angle  deB  normal  to  the  azimuth  plane.  This  ray  cannot  move  outside 
the  azimuth  plane,  and  the  normal  "plane"  must  be  segmented  and  tilted  to 
contain  the  ray.  (See  Figure  2)  If  this  normal  "plane"  is  so  straightened, 
dys_n  becomes 


ay8-n  =  d€s 


I 


hi 


sine. 


It  is  apparent  that  the  path  length  which  determines  both  the  flux 
and  absorption  losses  is  to  be  measured  with  respect  to  the  medium,  not  a 
fixed  frame  such  as  the  earth.  It  does  not  follow,  however,  that  the 
intensity,  a  vector,  is  independent  of  relative  velocity  between  the 
medium  and  the  receiver.  Wind  causes  the  medium  to  be  anisotropic,  so 
that  the  intensity  vector  is  no  longer  normal  to  the  element  of  area 
dxdy.  When  consideration  of  this  is  made,*  the  element  of  area  n  layers 
down  from  layer  s  becomes: 

-s  sin€s_n  sin«s  (de8  )2  cot2ei 


^s-n  ^s-n  = 


cos 


cj_  sin  €  i 


<  hj  ( cj~l~Uj 
^  B*  sin  c 


*  E.  A.  Dean.  1961.  Sound  transmission  loss  for  near  vertical  atmospheric 
propagation.  Schellenger  Research  Laboratories.  Contract  NAS  5-556. 
(Several  mistakes  in  this  report  have  been  corrected  in  the  present  paper) 
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IV-2  Figure  2  The  differential  pyramid  in  three  dimensions,  showing  the 
I  azimuth  and  normal  planes.  Note  that  the  normal  "plane" 

is  segmented. 


where 


®i  =  j° i  +  (v*’)2  +  ci  ui*  cose  i  , 

Vi»  =  Vi  -  Vi-l 

and 

Ui'  =  Ui  -  ui.! 

in  azimuth  plane  of  ray). 

If  is  a  solid  angle,  then 
dS  =  i^dfl  =  r2  (d«02  , 


(v  =  wind  velocity) 


(u  =  wind  component 


'*  r2  =  dxi 

fd'i 


is  a  measure  of  the  effective  path  length,  including  refraction.  There- . 
fore,  the  transmission  loss  due  to  divergence  and  refraction,  L  =  20  log  r, 
becomes 


L  =  10  [log  cs  sin€s  sln€o  +  logVhj-  cot^i  +  log’s  hi  (°i+  ui'  cos6i) 

*—  cos2  e  s  c*  sinc-i  L-  Ri  sinei  — ' 


c^  sine* 


%  sinei 


when  the  sumnation  is  carried  out  from  layer  0  (location  of  receiver)  to 
layer  s  (location  of  source). 


Thus  far,  calculations  have  been  limited  to  within  5°  of  being  vertical, 
and  the  devergent  and  refractive  loss  has  been  within  a  db  or  so  of  the 
homogeneous  spherical  propagation.  Future  plans  include  deviations  from 
the  vertical  to  obtain  values  for  refractive  focusing  based  on  the  above 
relation.  This  analysis  breaks  down  if  the  propagation  is  far  enough  from 
the  vertical  to  allow  waveguide  type  propagation  where  more  than  one  ray 
passes  through  a  single  point.  Besides  the  problem  of  summing  the  in¬ 
dividual  ray  intensity  with  due  regard  to  interference,  the  constant 
gradient  method  of  ray  tracing,  rather  than  constant  velocity  method,  has 
to  be  used  to  skirt  the  singular  point  when  €  =  0. 


The  theoretical  loss  for  grenade  detonations  has  been  calculated  with 
the  aid  of  a  computer.  Figure  3  shows  an  example  of  the  high  altitude 
cutoff  which  makes  extension  of  the  rocket-grenade  experiment  difficult. 
The  slope  of  the  loss  curve  is  large  at  90  km,  and  continues  to  increase. 
The  experimental  loss,  (circle's)  calculated  from  the  average  signal 
reported  by  9  T-23  microphones,  is  matched  to  the  theory  curve  at  about 
69  km.  The  match  is  excellent  to  80  km,  then  the  loss  is  less  than 
theory. 


Since  the  theoretical  and  experimental  losses  are  relative,  and  there 
is  no  good  reason  to  believe  the  loss  at  higher  altitudes  is  smaller  than 
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calculated,  the  points  can  be  fitted  so  that  there  Is  no  difference  at 
90  km  (triangles),  which  yields  excess  loss  at  lower  altitudes. 

There  is  no  escaping  the  parallelism  shown  by  the  triangles  or  the 
fit  shown  by  the  circles  at  low  altitudes.  This  is  again  brought  out  in 
Figure  b,  a  plot  of  the  excess  loss  vs  altitude  for  5 2  pairs  of  grenade 
explosions.  Here  is  shown  the  comparison  between  experimental  and 
theoretical  loss  differences  between  successive  grenade  pairs,  plotted 
vs  the  mean  altitude  of  the  pair.  Although  there  is  some  spread  in  the 
data,  the  average  for  each  10  km  region  up  to  80  km  is  0-  1  db.  Whereas 
the  80-90  km  region  averages  to  -7  db. 

Three  conclusions  are  being  investigated: 

1)  The  loss  at  higher  altitude  is  less  than  that  expected  from 
divergence  and  absorption:  (The  method  of  measuring  detonation  frequency 
is  questionable.) 

2)  To  the  contrary,  the  loss  at  the  lower  altitude  is  excessive, 
this  excessive  loss  being  constant  (disregarding  fluctuations). 

3)  The  intensity  from  detonations  is  not  constant,  but  is  a 
function  of  temperature  and/or  height.  (Finite  amplitude  effects  have 
not  been  considered). 
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ACOUSTIC  PHENOMENA  OBSERVED  ON  ROCKET-BORNE 
HIGH  ALTITUDE  EXPLOSIONS 


William  Nordherg 

National  Aeronautics  and  Space  Administration 
Greenbelt,  Maryland 


INTRODUCTION 

t 

A  series  of  rockets  instrumented  with  high-explosive  charges  were 
fired  during  the  past  years  to  measure  temperatures  and  winds  in  the 
upper  atmosphere.  The  charges  were  High  Explosive,  45  percent  TNT, 

35  percent  HDX,  and  20  percent  Aluminum,  varying  in  weight  from  one  to 
four  pounds.  They  were  cylindrical,  approximately  two  inches  in  diameter 
and,  depending  on  weight,  from  approximately  12  to  24  inches  long.  Upon 
ejection  through  the  nose  cone  of  the  rocket  they  were  exploded  by  means 
of  a  lanyard  about  15  feet  ahead  of  the  rocket.  The  altitudes  of  the 
explosion  were  generally  between  30  and  100  km.  Excellent  measurements  of 
temperatures ,  winds,  pressures,  and  densities  were  obtained  over  Fort 
Churchill,  Canada,  from  1956  to  1958  and  over  Guam,  Mariana  Islands, 
Pacific,  in  November  1958.  There  results  as  well  as  the  method  of  the 
experiment  have  been  published.  (l,2) 

In  addition,  however,  a  number  of  interesting  phenomena  not  directly 
related  to  the  main  object  of  the  experiment  could  be  observed  by  studying 
the  propagation  of  the  acoustic  wave  from  the  exploding  grenade  to  the 
ground.  Two  of  these  phenomena  shall  be  the  subject  of  this  presentation. 
The  first  deals  with  the  shock  propagation  in  the  immediate  vicinity 
of  the  explosion  and  the  second  with  unusual  variations  in  the  amplitude 
of  the  sound  waves  detected  by  microphones  on  the  ground.  It  will  be 
shown  that  the  former  phenomenon  conforms  well  with  existing  theories  on 
shock  propagation;  the  latter  cannot  be  explained  by  conventional  ab¬ 
sorption  and  refraction  treatments. 

THE  SHOCKWAVE  IN  THE  VICINITY  OF  A  GRENADE  EXPLOSION 

A  rather  ingenious  method  of  observing  the  shock  front  as  it 
propagates  from  the  grenade  to  the  rocket  was  used  by  Bartman  and 
Ottermann  (3).  It  is  demonstrated  in  Figure  1.  A  radio  signal  of  37  me 
is  normally  received  by  the  rocket  from  the  ground,  doubled  and  retrans¬ 
mitted.  When  received  at  the  ground  this  signal  is  not  exactly  two  times 
37  me  because  of  the  Doppler  shift  due  to  the  moving  rocket.  The 
Doppler  shift  is  recorded  as  pert  of  the  normal  tracking  operation.  As 
the  shock  front  emanates  from  the  exploding  grenade,  part  of  the  37  me 
signal  reaches  the  rocket  via  reflection  off  the  shock  front.  A  Doppler 
shift  due  to  the  rapidly  expanding  shockwave  will  be  superimposed  on 
the  Doppler  signal  from  the  travelling  rocket.  By  analysing  this  super¬ 
position  the  velocity  of  the  shock  front  relative  to  the  rocket  may  be 
determined.  And,  since  the  rocket's  velocity  is  known  precisely,  a  space- 
time  function  for  the  shock  front  can  be  derived. 
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The  propagation  of  shocks  from  large  charges  (in  comparison  to  our 
grenades)  was  calculated  by  Brode  (4)  and  the  dashed  and  solid  lines  in 
Figure  2  show  some  of  the  results  of  Brode' s  calculation.  They  give 
the  scaled  distance  (A)  of  a  shock  front  from  its  origin  as  a  function 
of -a  scaled  time  ( r)  for  an  assumed  spherical  source  and  point  source 
respectively.  The  dimensionless  quantity  A  is  obtained  by  dividing  the 
actual  distance  R  of  the  shock  front  fron  the  center  by  the  cube  root  of 
the  ratio  between  the  energy  content  W  of  the  explosion  and  the  ambient 
pressure  P0.  The  time  t  which  the  shock  front  takes  to  travel  the 
distance  R  is  also  scaled  by  this  ratio  times  the  velocity  of  sound  CQ 
to  obtain  the  dimensionless  quantity  r  . 

X=R(E/P0)1/3 

r  =  t  C0  (E/P0)l/3 

r  and  A  were  computed  for  a  number  of  grenades  exploded  at  Fort 
Churchill  and  plotted  on  Brode' s  graph.  Three  to  four  points  were 
plotted  for  the  trajectory  of  each  shock  front.  The  earliest  detectable 
point  for  each  grenade,  usually  within  less  than  three  meters  of  the 
center  of  the  explosion,  is  shown  by  solid  circles,  subsequent  points 
further  along  on  the  trajectory  are  indicated  by  light  circles. 

It  can  be  seen  that  all  solid  points  follow  closely  the  theoretically 
obtained  curve  for  a  spherical  charge  by  Brode.  The  slight  deviation  at 
high  Mach  numbers  may  be  due  to  the  fact  that  our  charge  is  cylindrical 
rather  than  spherical.  The  light  points,  further  than  about  three  meters 
from  the  explosion,  show  very  good  agreement  with  Brode' s  curve  for 
a  point  source.  The  overlap  of  the  solid  and  light  circles  indicates 
that  the  minimum  distance  at  .which  the  front  can  be  considered  originating 
from  a  point  source  rather  than  a  spherical  one  is  solely  geometric  con¬ 
sideration  and  does  not  depend  on  the  scaled  parameters  A  and  t  or  Mach 
number  which  is  expressed  by  the  differential  quotient  dA/dr  .  The  dis¬ 
tance  from  which  the  grenade  can  be  treated  as  a  point  source  is  therefore 
three  meters.  Note  that  the  only  range  where  the  shock  front  trajectory 
can  be  determined  by  this  Doppler  method  is  between  the  center  of  the 
explosion  and  the  Dovap  antennas  on  the  rocket.  Once  the  front  has  passed 
the  point  on  the  rocket  where  the  Dovap  antennas  are  located  the  super¬ 
imposed  Doppler  shift  disappears  and  no  velocity  for  the  shock  front 
can  be  obtained.  (Refer  to  Figure  1.)  This  limits  the  observation  of 
the  shock  front  to  a  maximum  distance  of  about  seven  meters.  At  most 
altitudes  the  shock  front  has  not  reached  sound  velocity  at  this  distance. 
The  range  where  most  of  the  circles  in  Figure  2  fall  and  in  which  the 
good  agreement  with  the  theory  can  be  observed  is  from  Mach  80  down 
to  about  Mach  3*  It  is  a  reasonable  conclusion,  however,  that  agreement 
will  continue  to  lower  Mach  numbers  until  the  shock  can  be  treated  as  a 
sound  wave.  In  Figure  2  this  occurs  where  the  slope  of  the  curve  ap¬ 
proaches  a  maximum  of  about  45°  with  respect  to  the  abscissa.  This  is 
the  case  in  the  upper  right  hand  portion  of  Figure  2,  from  about  A  =  1.0 
on.  Using  the  proper  values  for  W/P0  we  find  that  at  30  km  the  shockwave 
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IV- 3  Fifmre  e  SBAGE-TIME  DIAGRAM  FOR 

INITIAL  SHOCK  FROM  GRENADE  EXPLOSIONS 


from  a  4  lb.  grenade  can  be  treated  as  a  soundwave  after  travelling  only 
10  meters  from  the  center  of  the  explosion.  At  an  altitude  of  90  km  this 
distance  is  400  meters. 

The  same  phenomenon  is  demonstrated  in  Figure  3  where  the  observed 
Mach  numbers  of  the  shock  front  are  plotted  as  a  function  of  distance 
travelled.  It  can  be  seen  that  at  26  km  the  wave  travels  at  Mach  =  9  at 
a  distance  of  3  meters  from  the  explosion  while  at  6l  km  the  speed  is 
Mach  *  60  at  the  same  distance.  At  4.5  meters  we  find  the  wave  in  the  26  km 
case  has  slowed  to  Mach  =  2  while  in  the  6l  km  case  we  still  find  a  speed 
of  Mach  25.  If  we  extrapolate  the  data  shown  in  Figure  3  to  Mach  =  1  to 
obtain  a  distance  R  at  which  the  wave  may  be  considered  a  sound  wave,  we 
find  again  that  the  values  agree  generally  with  the  ones  obtained  theo¬ 
retically  from  Figure  2.  In  summary,  we  conclude  that  the  intital  shock 
propagated  from  4  lb.  charges  in  a  highly  rarified  atmosphere  at  alti¬ 
tudes  up  to  90  4m  can  be  treated  quite  satisfactorily  by  Brode's  theory 
which  was  originally  developed  for  the  much  higher  ambient  pressures  at 
the  earth's  surface. 

SOUND  AMPLITUDES  RECEIVED  ON  THE  GROUND 

A  series  of  hot  wire  microphones,  U.  S.  Army  Type  T-23,  were  used 
to  measure  the  times  of  the  sound  arrivals  at  the  ground.  Although 
these  microphones  cannot  be  calibrated  to  measure  the  amplitude  of  the 
received  sound  signed  absolutely,  an  attempt  was  made  to  determine  the 
relative  attenuation  of  sound  with  increasing  altitude  of  the  exploding 
grenades . 

Theoretically  the  sound  amplitude  should  be  attenuated  exponentially 
with  distance  travelled,  with  the  mean  free  path  and  with  the  square  of 
the  frequency  of  the  sound  wave.  Bandeen  (5)  attempted  to  explain  the 
sound  amplitudes  shown  in  Figure  4  on  this  basis.  He  found  that  the 
average  decrease  in  sound  amplitude  with  altitude  was  somewhat  greater 
than  the  theory  called  for  and  that  amplitude  Increases  such  as  are  shown 
between  65  and  75  4m  in  Figure  4  cannot  be  accounted  for  at  all. 

We  investigated  three  more  firings  and  found  that  such  increases 
occurred  in  each  of  them  (Figures  5,  6,  7)-  Note  that  the  temperatures 
measured  in  each  of  these  firings  is  plotted  alongside  the  sound 
amplitude  graph  and  that  the  amplitude  increase  in  each  case  occurs 
at  altitudes  between  60  and  75  4m  just  above  the  temperature  peak  which 
we  usually  find  near  50  4m.  In  Figure  7  we  find  that  there  is  a  second, 
abnormally  high,  increase  of  amplitude  at  about  80  km.  This  goes  hand 
in  hand  with  an  unusually  large  secondary  temperature  maximum  at  about 
70  km.  In  each  case  the  abnormal  sound  amplitude  increase  with  altitude 
occurs  in  a  strong  negative  temperature  gradient,  i.  e.  just  above  a  peak 
in  the  temperature  distribution.  This  strong  correlation  with  tempera¬ 
ture  gradients  leads  to  the  suspicion  that  the  amplitude  variations  may 
be  caused  by  refractional  focusing  of  the  sound  wave.  Such  focusing 
could  occur  in  a  strong  vertical  thermal  gradient  in  the  vicinity  of  the 
explosion  and  could  be  enhanced  by  the  fact  that  the  wave  undergoes  a 
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tremendous  velocity  gradient  in  its  transition  from  shock  wave  to  sound 
wave,  as  pointed  out  in  the  first  part  of  this  presentation.  Our  calcu¬ 
lations  shoved,  however,  that  the  amplitude  variations  cannot  be  explained 
by  this  approach  and  subsequent  and  more  detailed  calculations  by  Alan 
Dean  seem  to  confirm  this  conclusion.  We  are  quite  confident  that  the 
sound  output  from  one  explosion  to  another  is  sufficiently  constant  so 
that  a  variation  in  the  explosions  themselves  cannot  explain  this 
phenomenon.  The  frequency  distribution  of  the  generated  wave  could  also 
greatly  affect  the  amplitude  of  the  sound  arrivals  since  the  attenuation 
is  exponentially  proportional  to  the  square  of  the  frequency  of  the  wave. 
The  principal  frequency  of  the  arriving  soundwave  can  be  measured  and 
results  show  that  this  frequency  decreases  rapidly  with  increasing 
grenade  altitude.  It  is  not  plausible,  however,  to  assume  that  some 
explosions  produce  a  larger  share  of  low  frequencies  than  others. 

The  only  conclusion  in  tms  case  is  that  in  most  ox  our  firings  the 
sound  Intensity  of  the  grenades  did  not  decrease  exponentially  with 
altitude  as  one  might  expect.  There  seems  to  be  a  preferred  region 
between  60  and  75  km,  from  where  sound  returns  are  stronger  than  from 
altitudes  Just  below.  There  is  strong  evidence  that  there  is  a  relation 
between  the  sound  amplitude  Increase  and  the  strong  negative  temperature 
gradient  in  this  region.  Analytical  treatment  of  this  phenomenon  so  far 
has  not  produced  any  satisfactory  explanation. 
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PAHEL  DISCUSSION 


Panel  members : 


Sr.  Craig  Crenshaw 

Sr.  Cyril  Barrie 

Sr.  William  Meechan 

Sr.  Alan  Powell 

Sr.  Wayne  Rudsose 

Sr.  Jessee  Young 

Mr.  Marvin  Diamond.,  Moderator 


Sr.  Harris  to  Sr.  Crenshav t  I  think  a  master  of  us  would  he  interested 
in  knowing  what  your  opinion  about  how  the  state  of  the  art  of  sound 
location  has  changed  over  the  years.  You  probably  have  had  more  experience 
in  gun-fire  location  than  any  of  us  here,  and  you  have  been  with  the 
problem  a  long  time.  In  particular,  how  has  the  accuracy  changed  as  a 
function  of  timet  What  it  is  today,  and  what  was  it  let's  say  15  years 
ago  or  earlier?  Alee,  what  do  you  predict  for  the  future. 

Dr.  Crenahavi  That's  a  big  order.  When  1  got  into  this  type  of  work  in 
19*2,  shortly  after  the  war  started,  I  was  told  that  sound  ranging  was 
in  trouble  and  since  I  was  a  physicist  I  should  try  to  improve  the  situa¬ 
tion.  The  T211  microphone  had  been  developed  by  the  Signal  Corps  at  that 
time  and  has  been  referred  to  occasionally  here  today.  However,  the  met 
corrections  had  not  been  seriously  studied.  At  the  time,  there  was  a 
man  at  the  Signal  Laboratories,  Mr.  Lukes,  who  had  gone  through  the  ray 
tracing  method.  The  first  reference  on  this  subject  that  I  have  run 
across  in  the  literature  was  by  E.  Es  clang  an,  published  in  the  Memoirs  of 
the  French  Artillery,  an  occasional  publication  so  that  it  is  difficult 
to  obtain.  This  article  discussed  the  location  of  projectiles,  the  sound 
waves  they  create,  standard  sound  ranging  techniques,  the  ray  tracing 
problems,  and  the  refractive  problems  when  you  propagate  upwind  as  op¬ 
posed  to  downwind  because  in  the  surface  layers  you  normally  have  a  >a> 
gradient  in  the  same  sense  as  the  wind  direction.  P.  K.  W.  Whipple  in 
England,  who  I  believe  is  am  uncle  of  the  Whipple  in  America,  published 
in  the  Quarterly  Journal  of  the  Boyal  Meteorological  Society  in  the  20's, 
an  article  on  the  detection  of  the  Offenback  demolition  of  munitions  fraa 
World  War  I.  His  observation  consisted  of  reports  by  postcards  frcm 
people  who  were  asked  to  please  look  at  the  clock  and  report  when  they 
heard  the  explosions  which  were  to  go  off  according  to  a  schedule  an¬ 
nounced  on  the  radio.  Knowing  the  gullibility  and  the  seeking  of  glamour 
of  so  many  people,  he  had  announced  two  explosions  that  didn't  occur  and 
this  is  the  way  be  checked  the  reliability  of  observers,  since  any  one 
who  heard  those  wasn't  a  reliable  observer  and  he  rejected  their  reports. 


*  1  Es clang on.  "L'acoustigue  dea  canons  et  di  projectiles. w  kxtruit~du 
-  Memorial  ds  l'artillerie  francaise.  Paris  Imprinter! e  Rationale  Gauthier 
Vi  liars  et  cie,  1925. 


From  this  he  was  able  to  plot  the  tones  of  alienee  and  of  audibility  and 
demonstrated  that  because  of  low  level  net  conditions  there  will  be  a 
zone  of  audibility  around  a  surface  explosion.  Because  of  refraction 
fras  the  upper  part  of  the  duct  there  will  be  another  circle  of  audi¬ 
bility.  Sene tines  it  isn't  a  circle  if  the  duct  isn't  closed,  depending 
qp  the  wind  structure.  Whipple  had  concluded  that  you  had  to  hare  either 
monsoon  winds,  by  that  he  meant  wind  velocities  of  100  miles  per  hour  or 
more,  or  very  high  temperature  to  bring  the  sound  back  down  to  the  sur¬ 
face.  This  is  a  result  of  this  horizontal  homogeneity  assumption  in  ray 
tracing. 

One  of  the  early  things  that  1  thought  was  needed  was  some  idea  of 
the  validity  of  the  assumption  of  horizontal  homogeneity.  I  was  trapped 
into  making  an  experiment  to  try  to  determine  the  caliber  by  amplitude, 
which  I  objected  to  stremmotisly,  and  said  It  wouldn't  work.  I  thought 
maybe  we  could  do  it  by  frequency  so  I  vent  ahead  with  the  experiment 
with  great  enthusiasm.  Dr.  Daniels  of  the  Signal  Labs  and  I  worked  to¬ 
gether  and  as  we  anticipated,  we  could  not  do  it  on  amplitude  at  all. 

A  five-second  delay  between  the  calibration  shot  of  on  pound  TIT  and 
the  gun  was  enough  to  throw  the  amplitude  ratios  off  so  you  could  not 
get  an  indication  of  the  caliber.  We  used  guns  in  the  range  frem  75  «m 
howitzer  to  the  155  am  gun. 

Since  ray  tracing  work  had  bean  done,  I  devised  this  rapid  abbre¬ 
viated  calculation  method  that  was  mentioned  by  Dr.  Swingle.  His  treat¬ 
ment  has  been  revised  to  take  care  of  the  case  when  you  do  not  measure 
the  trace  velocity.  We  had  proposed  to  change  the  technique  and  measure 
it  so  you  could  do  the  ray  tracing.  Besides  the  inaccuracies  were  such 
that  the  error  introduced  by  sound  ranging  was  not  too  great  for  tbs  use 
and  employment  at  that  time.  The  errors  would  depend  on  the  weather, 
that  is,  the  gross  weather  situation.  They  were  such  that  you  could  get 
locations  from  these  plots  that  would  locate  you  within  150-200  yards  of 
tbs  source.  In  World  Whr  II  and  World  War  I,  this  was  mare  than  adequate 
because  where  a  battery  was,  there  was  usually  a  supply  dtap  and  you 
didn't  care  whether  you  located  the  dmp  or  the  gun  itself.  What  you 
wanted  to  do  was  knock  the  people  and  munitions  out  and  they  would  be 
within  100  to  200  yards  of  the  gun,  so  far  the  use  this  kind  of  accuracy 
was  adequate.  Today  the  picture  is  quite  different,  in  World  Mar  II  the 
normal  range  was  five  to  ten  miles  while  today  we  are  going  20  to  50  miles 
with  missiles.  Since  this  error  is  linear  with  range,  you  find  yourself 
in  trouble  because  an  error  of  l£  of  the  range  becomes  a  little  more  than 
people  like.  You  have  to  expend  a  lot  of  missiles  over  one  target  unless 
they  are  going  to  have  area  fire. 
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Against  mall  arms  and  mortar,  and  things  of  that  kind  vhera  you  are 
using  a  mortar  far  eounterbattsry  work,  the  accuracy  of  the  sound  is  ap- 
preeiable.  At  1,000  to  2,000  yards,  the  accuracy  of  the  sound  even  with¬ 
out  met  corrections  is  greater  than  the  accuracy  of  the  mortar,  conse¬ 
quently,  this  is  an  excellent  way  of  locating  the  enemy.  The  other  ad¬ 
vantages  of  sound  are  that  it  is  passive,  you  don't  have  to  put  an  antenna 
up  like  you  do  with  radar,  its  range  is  of  the  order  of  somewhat  longer 
than  the  range  of  missiles  or  the  guns  yon  are  after.  If  the  weather  la 
bad  and  you  happen  to  be  upwind,  you  may  not  hear  it,  but  the  real  ad¬ 
vantage  to  the  Held  Army  is  that  when  its  foggy  and  your  flash  ranging 
doesn't  do  you  any  good,  sound  works  wonders.  So  frcm  a  practical  point 
of  view  it  paid  off  a  whole  lot.  They  even  insisted  that  we  send  a 
civilian  over  from  our  Lab  to  take  care  of  the  supply  and  straighten  out 
some  of  the  sound  ranging  equipment  from  World  War  II  that  were  in  dif¬ 
ficulty.  A  sound  ranging  set  was  actually  shot  up  in  Tobruk  when  the  Ger¬ 
mans  came  through  that  area.  Replacements  -were  flown  right  over  into  the 
Field  Artillery  Battalion  area  to  replace  it. 

Wall  now  as  to  future  military  requirement*.  IT  you  note  as  I  said, 
an  error  of  1$  of  the  range  is  due  to  the  residual  meteorological  effects 
on  locations.  The  exact  variability  of  the  atmosphere  is  of  this  order 
of  magnitude.  Then  you  have  the  problem  of  how  current  is  your  met,  so 
to  locate  a  missile  launching  site  and  knock  it  out  you  have  an  evmn  mare 
severe  problem.  If  the  Army  adopted  a  shoot  and  scoot  method,  by  the 
time  you  locate  the  launch  area  and  get  your  missile  back  they  may  be 
gome,  especially  with  mobile  artillery.  So  in  this  case  with  these  larger 
weapons  new  sound  has  been  relegated  frcm  a  counterfire  device  to  an 
intelligence  device  where  high  precision  on  location  is  not  required. 

Mr.  Piemond:  Thank  you  Or.  Crenshaw.  We  have  heard  a  lot  in  the  last 
iav  days  "^bout  the  long  distance  propagation  of  sound  and  our  atmospheric 
channel.  We  have  also  heard  a  nuaber  of  discussions  on  absorption.  I 
would  like  to  pose  a  question  to  the  panel  on  their  opinion  an  the  rela¬ 
tive  effects  of  absorption  versus  scattering  on  sound  attenuation. 

hr.  Barrie:  Well  in  this  specific  regard,  I  will  comment  only  on  the 
relatively  short-range  sound  propagation  work  which  I  have  done.  Severe! 
years  ago  at  Fort  Baachuca  I  made  some  experiments  an  a  range  about  two 
miles  long,  with  a  ^5- cycle  pure -tone  sound  source.  The  sound  source  was 
detected  by  an  array  of  microphones  at  various  distances  up  to  two  miles. 
Then  the  relative  amplitudes  and  phases  at  the  various  microphones  vers 
nensvred.  If  the  measurements  were  made  before  sunrise,  when  the  wind 
velocity  was  essentially  zero  near  the  ground,  the  conditions  were  excel¬ 
lent  for  propagation.  Even  at  propagation  distances  of  two  miles  the 
signal -to-nol se  ratio  was  good.  Then  when  the  sun  would  cane  out,  the 
ground  would  warm  up,  resulting  in  turbulence  and  stratification.  The 
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attenuation  resulting  from  these  factors  was  much  greater  than  that  due 
to  absorption.  In  fact,  the  attenuation  was  sometimes  so  great  that  we 
might  not  be  able  to  receive  signals  propagated  over  relatively  short 
distances.  In  addition  to  the  above  factors,  wind  conditions  are,  of 
course,  very  important.  (Parenthetically,  I  might  say  that  we  spent  a 
great  deal  of  time  in  reducing  the  level  of  wind  noise  by  sinking  micro* 
phones  into  the  ground  and  designing  appropriate  wind  screens  for  this 
study. )  Some  of  our  measurements  of  the  relative  phases  between  micro¬ 
phones  indicated  a  possible  technique  for  obtaining  an  estimate  of  the 
scale  of  turbulence  in  the  following  way.  Consider  a  pure-tone  sound 
source  and  two  microphones  which  cure  equidistant  from  the  source.  The 
simple  source  is  placed  along  a  perpendicular  bisector  of  a  line  between 
the  microphones.  Assume  that  the  source  produces  a  circular  wave  front. 
Then  the  sound  will  arrive  in  phase  if  the  atmosphere  is  homogeneous. 

This  Is  the  condition  we  obtained  early  in  the  morning  before  the  sun 
came  up.  Then  the  signals  at  the  two  microphones  were  in  phase  and 
stayed  in  phase.  However,  as  the  turbulence  developed  there  were  re¬ 
sultant  phase  fluctuations  due  to  the  passage  of  the  sound  waves  through 
the  atmosphere.  The  magnitude  and  periodicity  of  these  phase  fluctua¬ 
tions  is  related  —  in  a  complex  manner  —  to  the  scale  of 
turbulence.  Therefore,  this  technique  possibly  could  be  used  to  get 
seme  estimate  of  the  scale  of  turbulence.  Ve  actually  tried  some  pre¬ 
liminary  evaluations  of  this  type  and  weren't  too  successful,  but  this 
was  only  a  by-product  to  our  work,  ve  didn't  have  an  opportunity  to  carry 
it  through. 

Hr.  Meechem:  Ve  are  Interested  to  know,  with  regard  to  the  experiments 
you  were  Just  talking  of,  Dr.  Harris,  whether  the  fluctuations  you  ob¬ 
served,  were  due  to  temperature  fluctuations  or  air  velocity  fluctuations. 

Dr.  Harris:  I  really  can't  say  far  sure.  Ve  had  rather  poor  meteorologi¬ 
cal  equipment.  I  think  that  one  would  want  to  have  seme  kind  of  sonic 
anemometer  for  such  work,  the  response  time  of  our  tsnpermture  measuring 
equipment  was  too  slow  for  such  a  determination. 

Dr.  Crenshaw:  Did  you  try  any  correlation  to  determine  the  effect  of 
sunny  or  cloudy  cocdltlonsT 

Dr.  Harris:  Ve  didn't  take  enough  data  to  establish  a  quantitative  re¬ 
lationship,  but  when  it  was  cloudy,  we  definitely  had  less  phase  fluctua¬ 
tion.  Incidentally,  there  will  be  a  paper  in  the  Proceedings  of  the 
International  Congress  on  Acoustics  which  took  place  two  years  ago 
(which  hasn't  been  published  yet)  lntvhloh  the  results  for  these  experi¬ 
ments  will  be  given.  It  shows  how  the  magnitude  of  the  phase  fluctuation 
changed  as  a  function  of  the  distance  frem  the  source,  and  also  as  a 
function  of  the  distance  separating  the  two  microphones. 

Dr.  Crenshaw:  There  was  ecae  work  of  this  type  done  by  Dr.  J.  P. 

Maxfleld  at  Duke  University.  Are  you  aware  of  this  work? 
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Dr.  Harris:  Yes.  Naxfleld  and  others  at  Duke  during  the  war  wrote  sane 
of  the  earlier  papers  on  this  topic.  There  Is  also  a  book  In  Russian, 
which  covers  a  great  deal  of  this  work,  that  can  out  sereral  souths  ago. 

Dr,  Rudaose:  There  Is  a  fairly  extensive  study  that  has  been  done  re¬ 
cently  far  the  Coast  Quard  by  Bolt,  Beranek,  and  Bevmsn.  It  is  interest¬ 
ing  to  note  the  differences  in  the  approaches  to  the  problem,  that  is,  the 
HBI  organisation  versus  your  organisation.  Be re  I  get  the  feeling  that 
you  are  predominantly  meteorologists  with  not  too  such  acoustics  back¬ 
ground.  BBI's  work  was  done  by  a  group  of  acousticians  with  little 
meteorological  background.  I  would  like  to  see  these  two  groups  together. 
Had  I  known  I  was  going  to  serve  on  this  panel  before  I  arrived,  I  would 
have  tried  to  be  a  little  better  prepared.  The  data  which  Bolt,  Beranek, 
and  lawman  took  are  quite  extensive  and  they  did  have  excellent  measure¬ 
ments  of  both  temperature  gradients,  temperature,  wind  speeds  and  wind 
gradients.  Most  of  their  work  was  done  during  fog  conditions  far  this 
was  the  reason  for  the  project.  As  J  recall,  little  absorption  was  attri¬ 
buted  to  moisture  over  the  distance^* with  which  they  were  working  which 
erne  up  to  a  sample  ef  ml  lee.  They  did  Phew  that  temperature  and  wind 
gradients  were  more  Important  in  producing  attenuation  and  fluctuations 
than  the  absolute  magnitude  of  the  temperature  and  the  wind.  It  bothers 
me  when  I  see  the  magnitude  of  the  problem  facing  you  people  because  you 
are  talking  about  tremendous  distances.  In  view  of  these  large  distances, 

I  wonder  where  yen  decide  to  sample  these  gradients  -  near  the  source  - 
near  the  receiver  -  or  in  between.  I  also  wonder  about  the  effect  of 
fluctuations  on  your  data.  I  know  the  magnitude  of  these  fluctuations 
over  distances  of  even  a  few  miles.  Ingard  has  done  quite  a  lot  of  work 
in  developing  the  theory  of  the  effect  of  temperature  gradients  and 
velocity  gradients  upon  sound  propagation.  Engineering  charts  have  been 
drawn  by  Bolt,  Beranek,  and  Bowman,  but  they  simply  shew  you  the  rather 
wide  range  under  which  you  can  expect  variations  of  signals.  Bow  you 
are  faced  with  obtaining  data  by  firing  a  single  shot.  I  don't  know  how 
you  are  going  to  say  what's  going  to  happen  an  the  basis  of  one  shot  be¬ 
cause  of  the  tremendous  variations  expected.  If  you  could  fire  one  shot 
after  another  I  have  the  feeling  that  you  would  find  large  variations  in 
the  results  that  you  would  get.  This,  of  course,  would  further  confound 
the  situation. 

I  also  have  the  feeling  it  would  he  nice  if  one  had  a  little  better 
knowledge  of  harl rental  gradidhts,  but  if  you  could  lire  three  or  four 
rockets  simultaneously  with  horizontal  spacing  and  get  horizontal  gradients, 
then  you  might  get.  a  better  picture  of  transmission  from  high  altitude 
to  ground.  It  is  the  horizontal  gradient  that  will  affect  vertical  propa¬ 
gation. 

Hr*  Diamond:  Any  other  cements  by  the  panel  members?  Incidentally, 

Dr.  Rudaose,  we  are  very  willing  to  accept  your  proposal  on  firing  a  lot 
of  these  met  rockets  simultaneously  at  various  distances.  Prior  to 
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lunch  ve  had  a  rather  spirited  discussion  on  background  noise  at  high 
altitude.  One  scaber  of  our  panel  has  been  studying  infrasonic  disturb¬ 
ances  at  the  surface  and  I  believe  he  can  provide  us  vith  some  inforaa- 
tion  on  the  type  of  background  noiee  that  is  observed  at  the  surface. 

Dr.  Young:  I  would  like  to  Motion  two  types  of  background  noise  that 
have  been  observed  at  the  surface  which  were  reported  last  fall  at  the 
San  Francisco  Acoustical  Society  Meeting  and  which  were  studied  primarily 
under  the  directorship  of  the  late  Peter  Chrxanovski  of  the  Rational  Bureau 
of  Standards.  One  of  these  sounds  arrives  at  the  surface  a  number  of  hours 
after  the  Mgnetic  activity  Increases  during  a  uegnetic  storm  and  the  thing 
I  would  like  to  point  out  is  that  these  are  observed  at  the  surface  with 
periods  predominantly  from  20  seconds  up  so  they  are  very  low  frequency 
and  may  not  be  of  too  much  interest  here.  The  other  le  that  they  do  show 
a  trace  velocity  along  the  surface  in  general  higher  than  the  local  speed 
of  sound  which  indicates  that  they  come  in  at  a  fairly  large  angle.  Dur¬ 
ing  the  day  they  change  direction.  At  about  midnight  local  time  they  seem 
to  arrive  generally  from  the  north.  In  the  evening  they  approach  from 
north-eastern  directions  and  change  through  north  about  midnight  and  over 
toward  the  vest  thereafter.  One  would  speculate  that  they  are  probably 
coadng  from  regions  of  auroral  displays,  that  perhaps  the  source  is  in  the 
high  atmosphere  and  this  might  account  for  the  lack  of  higher  frequencies. 
Since  we  know  nothing  about  the  source  or  ite  height  ve  cannot  say  such 
about  propagation  conditions.  These  waves  do  not  seem  to  be  extremely 
coherent  over  distances  on  the  surface  of  the  order  of  seven  kilometers 
or  so. 

The  other  type  of  background  sound  that  I  would  like  to  Motion  is 
the  sound  mostly  observed  during  the  simmer  from  tornadlc  storms  in  the 
Midwest.  The  sounds  have  pressure  amplitudes  of  the  order  of  one  dyne  per 
square  centimeter  at  Washington,  D.  C.,  and  originate  about  a  thousand 
kilometers  sway.  I  might  point  out  that  what  Willis  Webb  stated  would 
indicate  that  the  lover  atmospheric  duct  could  not  be  of  much  help  in 
propagating  them  so  I  should  say  soamthing  shout  the  frequency  spectra. 
There  are  periods  present  below  20  seconds,  but  hot  very  far  below,  down 
to  15  seconds  and  occasionally  12  seconds,  and  frcm  there  up  to  about  50 
second  periods  and  I  feel  that  these  then  are  perhaps  guided  by  the  higher 
positive  temperature  slope  that  the  ARDC  model  atmosphere  vould  indicate 
up  in  the  vicinity  of  100  kilcsmters.  Also,  I  feel  there  is  probably  not 
much  absorption  because  of  the  distance  and  also  because  of  the  energy  you 
vould  have  to  ascribe  to  the  source  if  there  vere  much  absorption  at  the 
very  low  frequencies.  This  vould  bring  up  the  question  that  if  you  were 
closer  to  the  source  vould  you  see  the  higher  frequencies.  I  vould  be 
very  Interested  to  know  if  any  effects  that  might  be  due  to  a  source  of 
this  nature  have  been  observed. 

Dr.  Msec  base:  The  relatively  small  number  of  runs  which  have  been  made 
at  the  University  of  Michigan  probably  are  not  sufficient  so  that  one 
could  feel  safe  to  get  a  time  when  a  tornado  occurred.  I  am  quite  sure 


that  Willi*  Webb's  group  ia  in  better  shape  to  talk  of  this.  If  I 
understand  the  situation,  I  believe  it  is  true  that  on  certain  days 
abnormally  high  background  noise  occurs  which  Bight  be  due  to  bad 
weather.  I  an  Interested  to  know,  could  you  extrapolate  your  measure¬ 
ments  into  the  frequency  range  we  were  talking  of  this  morning,  that  is, 
into  the  few  cycle  per  second  range;  I  wonder  if  you  have  any  idea  of 
the  frequency  falloff  of  the  spectrum  frcai  low  to  high  frequency?  Is 
it  likely  that  the  pressure  levels  for  these  toraadlc  sounds  at  higher 
frequencies  would  be  of  any  importance? 

Dr.  Young;  I  think  this  might  be.  When  lever  frequencies  appear  they  do 
seem  to  show  at  larger  amplitudes  and  in  general  follow  the  falloff  with 
frequency  that  background  fluctuations  in  pressure  over  long  tine  averages 
show  and  thsrefore,  they  might  be  of  the  seme  order  of  magnitude  as  the 
turbulence  fluctuations.  But  then,  there  is  also  the  matter  of  extra- 
pointing  turbulence  from  the  surface  up  to  the  higher  altitudes. 

Dr.  Meechaa:  And  what  is  the  rate  of  falloff  that  you  observe  at  the 
surface  of  the  earth  for  turbulence  effects? 

Dr.  Toung:  Well,  there  Is  an  article  in  the  Journal  of  Geophysical  Re¬ 
search  I  think,  by  Goa  sard  or  Walter  Monk,  (Gosaard-J.  Geophysical  Re¬ 
search  6*>,  3339,  I960)  that  shows  a  falloff  rate  of  about  20  db  per 
decade  in  frequency  out  at  the  long  periods.  Whether  this  would  extrapo¬ 
late  on  into  the  region  around  and  above  1  cps,  I  don't  knew. 

Dr.  Meechaa:  I  guess  I  misunderstood.  The  sort  of  fluctuations  you  are 
talking  of  then  are  Hydrodynamic .  Is  that  right?  If  I  remember  Hunk's 
work,  they  were  working. with  local  or  non-propagation  pressure' fluctuations. 

Dr.  Young:  Tea,  that  kind  of  background  fluctuation. 

Dr.  Harris:  Would  you  care  to  hazard  a  guess  as  to  what  sort  of  spectrum 
you  would  get  from  an  aurora?  If  that  were  an  important  source,  what 
might  be  expected  from  it? 

Dr.  Young:  There  have  been  same  visual  observations  or  some  photometric 
measurements  of  the  light  intensity  fluctuations  during  aurora  by  Wallace 
H.  Campbell  frem  the  Boulder  Laboratories  of  the  national  Bureau  of  Stand¬ 
ards.  These  do  indicate  fluctuations  from  around  1  cps  through  the  spec¬ 
tral  region  that  I  have  indicated.  I  am  not  sure  of  the  exact  limits, 
but  there  are  fluctuations  of  1  cps  to  .01  cps  in  the  visual  display  at 
around  the  100  km  level  or  Just  above. 

Dr.  Crenshaw:  I  might  add  one  thing,  that  aurora  have  been  heard  in 
Scandinavia  in  a  tremendous  aurora  display.  Also,  the  Krakatora  ex¬ 
plosion  was  heard  at  2,000  miles. 
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Dr.  Powell:  I  would  like  to  caoment  or  perhapa  ask  about  the  background 
noise  due  to  the  boundary  layer  on  the  surface  of  the  earth,  because  of 
the  winds  as  they  pass  over  it.  The  noise  due  to  the  turbulence,  that 
is  the  massive  activity  in  the  air,  would  depend  on  southing  like  the 
eighth  power  of  the  Mach  number  whereas  the  boundary  layer  noise  due  to 
roughness,  trees,  buildings,  mountains  and  the  like,  would  be  more  like 
depending  on  the  sixth  power.  That  means  that  at  low  speeds,  lew  Mach 
mashers,  such  as  are  guaranteed  there,  the  boundary  layer  noise  pre¬ 
sumably  dominates  over  the  turbulence  noise.  For  a  a  60  mileii  an  hour 
gale  the  column  of  turbulent  air  above  a  square  mile  of  ground  would 
produce  something  like  20  watts  whereas  that  due  to  extremely  rough 
ground  might  produce  well  over  1,000  watts.  If  the  latter  were  for 
large  areas  it  is  obvious  it  would  add  up  to  a  considerable  amount  of 
energy.  The  Empire  State  Building  I  think  might  produce  about  1,000 
watts  at  about  0.2  cycle  per  second. 

Dr.  Meecham:  In  making  this  calculation,  at  what  height  above  the  sur¬ 
face  are  you  assuming  a  60  mile  an  hour  gale. 

Dr.  Powell t  Independent. 

Dr.  Meecham:  I  see. 

Dr.  Powell:  The  higher  it  is  the  lower  the  frequency  would  be. 

Dr.  Meecham;  One  of  the  many  confusing  aspects  of  the  problem  at  hand 
is  that  you  have  difficulty  deciding  just  what  role  shear  will  play, 
not  just  at  the  surface  but  even  at  great  altitude.  I  have  generally 
tended  to  ignore  the  effects  of  the  shear  simply  on  the  grounds  that 
the  average  sheer,  is  rather  lew  (even  through  the  jet  stream)  when  com¬ 
pared  with  what  I  estimate  the  eddy  shear  to  be.  The  real  question  is 
how  the  shear  going  across  a  typical  eddy  compares  with  the  mean  shear 
going  through  the  layer. 

Dr.  Powell:  Perhaps  I  didn't  make  myself  too  clear.  I  was  including 
the  noise  made  by  the.  eddy  flew  around  and  behind  an  obstacle  an  the 
ground. 

Dr.  Meecham:  It  would  seem  to  me  that  this  should  be  rather  dependent 
upon  the  type  of  surface  where  one  was  operating  and  whether  it  was  a 
quiet  day,  or  not,  at  the  surface.  In  ihe  experiments  that  were  dene 
at  Ann  Arbor  tbs  instruments  were  released  over  open  country,  then 
passed  over  a  large  city,  then  an  open  lake,  and  then  over  another  large 
city.  One  might  expect  that  if  the  sound  received  from  the  surface  has 
a  range  less  than  something  like  20  -  50  miles,  then  one  would  expect  to 
see  a  change  in  the  sound  level  as  the  instrument  passes  over  these  dif¬ 
ferent  areas.  This  is  not  the  case.  That  is,  the  levels  on  a  given 
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flight  are  relatively  constant.  Of  course  the  level  fluctuates  sene, 
but  not  as  much  as  one  would  expect  from  the  model  you  propose.  It  nay 
be  that  on  very  windy  days  the  situation  changes  or  perhaps  then  the 
sound  casing  fras  the  earth's  surface  becomes  the  aost  Important  part. 

Dr.  Powell :  The  tricky  thing  of  course,  is  the  lower  speed  the  more 
likely  It  is  to  case  fras  the  surface.  It  is  sixth  power  dependent. 

Dr.  Meechamt  Of  course  the  situation  often  Is  that  the  wind  speed  at 
considerable  altitude  remains  even  though  it  is  quite  quiet  at  the 
surface.  But  your  point  is  well  taken:  you  have  a  Mach  nuaber  advan¬ 
tage,  so  to  speak,  for  the  surface  noise  as  against  voluaar genera ted 
turbulence  with  no  surface  layer  present.  The  only  reason  one  might  look 
to  the  volume  as  a  source  rather  than  to  the  surface  is  because  the 
velocities  are  often  higher  at  considerable  altitudes  than  they  are  at 
the  surface. 

Dr.  Powell:  I  am  very  glad  that  these  measurements  are  being  taken  now 
in  this  day  and  age.  It  seems  to  be  quite  possible  that  man  himself  - 
I  mean  these  fancy  gadgets!  -  may  well  raise  the  background  level.  The 
situation  is  changing  with  airplanes,  since  in  prewar  time,  the  power 
was  a  few  hundred  horsepower  and  less  than  if  of  this  went  into  noise. 
With  the  Jets  of  today  we  are  talking  about  powers  frcm  100,000  hp  where 
perhaps  almost  if  of  this  goes  into  sound.  When  we  get  into  supersonic 
airplanes,  the  wavs  drag  is  propagated  straight  away  and  this  is  very 
powerful.  And  not  only  that,  the  thing  that  is  pushing  it  along,  the 
Jet,  also  has  a  very  noticeable  effect.  So  it  looks  to  me  that  10  large 
supersonic  aircraft,  in  the  air  at  once  over  the  United  States,  might 
together  produce  about  50  megawatts  power,  which  is  a  very  considerable 
amount.  I.  think  It  is  very  fortunate  that  these  measurements  are  being 
taken  now  before  this  ours  and  then  we  will  be  able  to  see  If  any 
change  happens.  So  often  it  happens  we  make  the  measurements  too  late 
and  the  original  circumstances  might  have  disappeared. 

Dr.  Harris:  Could  we  conclude  that  you  wouldn't  recommend  rockets  and 
missiles  for  mall  delivery  because  of  the  increase  in  noise  level? 

Dr.  Powell:  It  would  depend  upon  the  urgency  of  the  mail! 

Mr.  Diamond:  Any  other  comments  from  the  panel  on  this  particular  sub¬ 
ject? 

Dr.  Harris:  Dr.  Meecham,  I  wonder  if  it  wouldn't  be  helpful  if  measure¬ 
ments  were  made  at  seme  lover  altitudes  particularly  under  conditions  of 
ascent?  Would  it  not  be  possible  to  get  good  analog  data  on  a  miniature 
tape  recorder,  and  then  bring  the  record  down  for  data  analysis  at  seme 
later  time?  This  must  have  been  considered.  What  were  the  problems? 
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Dr.  Meecham:  Those  are  experiments  which  we  would  like  to  run.  Of 
course,  one  of  the  sad  facts  Involved  in  a  distributed  source  Is  that 
the  amplitude,  aside  from  attenuation,  will  not  change  with  distance 
from  the  source.  We  begin  with  that  alight  handicap.  Suppose  that  one 
had  a  layer  of  noise-producing  elements.  The  sound  which  you  get, 
aside  from  attenuation,  would  be  essentially  independent  of  distance 
from  the  layer.  However  once  the  attenuation  is  included,  one  might 
certainly  expect  some  differences  to  occur.  I  think  that  experiments 
like  these  could  well  be  useful  and  helpful,  in  particular  If  it  turns 
out  there  Is  noise  fran  turbulence  which  is  Important  in  the  background. 
You  mentioned  an  analog,  I 'm  not  quite  sure  whether  you  mean  a  model 
experiment - 

Dr.  Harris:  Ho,  I  meant  actually  recording  the  data  in  analog  form. 

The  reason  I  bring  this  point  up  is  I  recall  listening  to  some  tape 
records  taken  during  a  Project  Michigan  study  in  which  a  balloon  was 
in  flight  with  a  man  up  there  operating  a  tape  recorder.  As  the  balloon 
floated  over  a  city  be  could  hear  the  city  ndsa.  I  wonder  why  this 
city  noise  does  not  appear  In  your  data.  Letjs  say  the  balloon  la  up 
at  about  10,000  feet.  At  this  altitude  you  get  pretty  good  vertical 
propagation.  Let's  as  suae  the  signal  drops  off  10  or  15  db,  when  we 
get  tip  to  60,000  feet.  Why  shouldn't  noises  produced  on  the  ground  be 
detected  up  there?  Sven  at  5,000  to  10,000  feet  the  man  in  the  balloon 
could  actually  hear  a  dog  harking  on  the  ground.  It  was  a  good-sized 
dog  I  suppose.  But  what  happens  to  this  city  noise?  Why  doesn't  it 
show  In  your  records?  Your  records  contain  not  only  noise  due  to  Shear 
and  turbulence ,  but  everything  —  including  system  noises. 

Dr.  Meecham:  One  of  the  confusing  things  about  the  background  is  that 
its  level  is  so  high.  You  see  it's  at  very  low  frequency;  if  It  were 
In  the  audible  range  it  would  he  about  our  speaking  vtd.ce  level.  I 
think  that's  the  size  of  the  things  we  are  dealing  with.  The  back¬ 
ground  we  are  talking  about  happens  to  be  in  a  very  low  frequency  range 
but  I  wander  if  the  dog  could  aompMSc  even  if  he  were  barking  at  one 
cpe  since  bis  signal  suffers  sane  attenuation  and  the  background  is 
large.  So  it  may  be  that  the  background  in  fact  masks  city  noise 
(that  part  which  remains  after  attenuation).  City  noise  may  be  a 
small  part  of  the  background  that  is  observed  here. 

Dr.  Powell:  I  think  it  Is  very  interesting  that  the  local  sounds 
showed  up  so  well.  I  rather  looked  on  the  atmosphere  as  being  a 
layered  median  with  a  rigid  boundary  below  and  a  sort  of  soft 
boundary  above.  How  most  of  the  low-frequency  noise  will  be  re¬ 
flected  back  before  the  absorption  begins  to  really  take  account.  So 
I  have  been  looking  at  it  as  a  great  big  flat  reverberation  chamber: 

I  have  been  rather  tending  to  think  of  a  continual  bouncing  back  and 
forth. 


25^ 


1 


Dr.  Harris:  One  of  the  reoord*  that  Dr.  Moeohsm  showed  apparently  did 
indicate  at  least  cos  of  those  bounces  could  he  Interpreted  that  way. 

Dr.  Meechsm:  Oh  yes,  yes.  Of  course  this  was  not  so  low  either*  The 
frequencies  involved  are  $0  to  150  cycles.  In  fact  the  size  of  the 
reflection  that  you  get  from  the  surface  of  the  earth  at  these  fre¬ 
quencies  is  rather  surprising.  The  vave  length  is  about  10  feet.  The 
earth's  surface  is  very  often  not  regular  for  10-foot  wave  lengths  and 
yet  the  reflection  shows  relatively  little  loss.  In  fact,  it  appears 
that  the  refraction  effects  and  directional  affeota  often  sake  the  re¬ 
flection  as  large  or  larger  than  the  direct  signal,  oddly  enough.  This 
would  tend  to  hear  out  that  we  say  have  sene  sort  of  a  ducted  propaga¬ 
tion  process. 

Dr.  Rudmose:  Considering  th-  reoerd  though  Dr.  Harris,  don't  yen  sup¬ 
pose  that  the  man  had  a  really  cood  low  frequency  etrtoff  in  his  record¬ 
ing  system  so  that  he  was  differentiating  against  these  lower  frequency 
sounds?  Ten  thousand  feet  is  only  a  couple  of  niles,  and  one  gets  pretty 
good  transnisslon  over  this  distance  even  over  the  ground. 

Dr.  Harris:  (These  records  were  from  the  University  of  Michigan. )  I 
Sink  it  is  probably  true;  certainly  he  was  using  an  analog  tape  re¬ 
corder.  On  the  other  bend,  I  would  aesuae  that  if  he  had  an  IM  tape 
recorder  and  had  equipment  with  good  response  at  low  frequencies,  when 
he  went  over  a  city,  the  power  spectrum  d.ev<£S  measurements  would  have 
shown  that  the  city  was  also  producing  a  good  deal  of  noise  erven  at  the 
lower  frequencies.  I  wouldn't  expect  say  one  cps  dags,  but  there  are 
other  low-frequency  sources  over  a  city  that  you  should  detect. 

Dr.  Meechsm:  One  would  expect  that  the  typical  city  has  a  peak  spec  trim 
which  would  He  above  Just  a  few  cycles.  Flying  right  over  the  city  of 
Detroit,  which  is  not  quieter  than  others,  there  was,  I  think  no  marked 
changed  in  the  level  observed  at  a  few  cycles  where  most  of  the  energy, 
most  of  the  background,  was  located. 

Dr.  Harris;  Up  to  what  frequency  would  the  system  respond? 

Dr.  Meechsm:  It  was  responding  up  to  50  to  100  cycles  fairly  faithful¬ 
ly.  We  always  get  traces  of  things  like  earth  movers,  as  I  mentioned. 
Particularly  noisy  devices  would  show  up.  I  suppose  if  you  looked  hard 
you  might  find  other  traces  at  higher  frequencies,  but  there  didn't  seem 
to  be  any  sort  of  persistent  low  frequency  distributed  source  here. 
Strangely,  maybe,  but  that  seemed  to  be  the  case. 
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Dr.  Powell:  I  think  one  of  the  interesting  things  of  your  echo  vu 
that  the  sound  vas  fairly  constant  over  a  long  time  average.  This 
seems  to  suggest  to  me  the  possibility  of  atmospheric  reverberations. 
On  the  other  hand,  the  tattering  or  the  randomness  of  the  fluctua¬ 
tions  are  going  to  be  very,  very  important  in  the  next  few  yean, 
partly  from  the  point  of  view  of  supersonic  objects.  I  vas  talking 
to  Dr.  Crenshaw  earlier  and  he  made  it  pretty  clear  that  he  doesn't 
believe  much  in  calculating  amplitudes  at  long  distances.  Her  do  I, 
but  I  think  that  I  managed  to  talk  him  into  the  idea  that  one  might  be 
able  to  tackle  the  thing  on  a  statistical  basis  and  draw  limits. 

And  I  think  this  is  vhat  we  are  going  to  have  to  do.  The  ccsmierclal 
airlines,  of  course,  after  ten  years  will  be  flying  supersonic  ~aiiv 
planes.  A  small  r airplane  at  Mach  2  at  the  rather  lew  altitude  of 
30,000  feet  will  give  a  minimum  pressure  rise  over  the  ground  at  about 
one  pound  per  square  foot.  This  is  Just  about  the  noise  considered 
permissible  with  a  fifth  of  that  from  6c,000  feet.  The  airplanes 
that  are  now  being  talked  about  would  generate  several  times  that  much 
at  the  same  altitude.  This  is  getting  to  a  potentially  dangerous 
region.  These  were  for  straight,  steady  level  flight.  A  wavy  path 
of  plus  or  minus  100  feet  in  altitude  increases  the  pressure  on-  the 
ground  by  a  factor  between  2  and  3.  A  3g  turn,  that  1b  when  the  total 
force  on  the  pilot's  seat  is  three  times  his  weight,  gives  a  factor 
of  about  3  on  the  ground.  If  the  Airplane  is  accelerating  0.3g, 
this  also  gives  a  factor  of  about  3  sod  refraction  may  do  the  same. 
It's  very  easy  to  see  that  maneuvers  which  are  fairly  harmless  might 
cause  pressures  of  20  or  30  pounds  per  square  foot.  This  might  bring 
a  roof  down,  or  crack  every  window  in  town  -  this  is  pretty  bad. 

Vhat  we'll  have  to  do  I'm  convinced  is  to  try  and  work  out  what  are 
permissible  maneuvers  at  various  altitudes  to  keep  pressures  down  to 
vhat  is  tolerable.  But  vhat  is  going  to  be  more  and  more  important 
is  how  much  is  the  atmosphere  going  to  deviate  from  the  standard. 

This  is  I  think  going  to  be  really  a  crucial  thing.  Ve  are  going  to 
he  just  as  much  interested  in  the  deviations  from  the  average  far 
the  standard  as  in  the  standard  Itself,  because  you  can  just  imagine 
the  havoc  that  would  occur  if  by  chance  a  really  big  bang  came  upon 
a  city.  The  damage  would  be  terrible  and  there's  no  two  ways  about 
it.  I  wonder  how  much  of  the  actual  information  we  are  already  be¬ 
ginning  to  collect  might  throw  same  light  on  how  the  refraction  due 
to  temperature  and  winds  may  affect  the  intensity  of  the  bang.  Would 
somebody  like  to  try  to  settle  that  onet 

Dr.  Crenshaw:  I  might  add  a  little  casstent.  At  the  beginning  there 
I  think  I  bad  mentioned  to  somebody  that  I  felt  that  ray  tracing  was 
considerably  better  for  a  shock  wave  them  for  a  sound  wave,  since  the 
shock  wave  does  have  a  slight  memory.  It  doesn’t-  follow  completely 


the  way  a  sound  will  the  atmosphere  velocity  gradient.  Also  for  these 
maneuvers  which  are  rather  slight,  ISRfe  important  to  try  to  find  If  fo¬ 
cal  points  occur  above  the  surface.  This  might  enable,  you  to  have 
the  damaging  place  to  be  about  100  feet  above  the  buildings.  However 
If  you  were  to  do  that  at  a  constant  flight  altitude  over  ground  area 
around  KL  Paso  it  weuld  be  right  on  top  of  people  in  town.  So  we  are 
going  to  have  to  worry  about  the  height  above  the  surface.  The  key 
elmssat  here  Is  net  the  average  met  hut  the  average  gradient  Involved, 
which  I  think  we  are  all  well  aware  of  today.  So  it  isn't  enough  to 
say  that  you  want  to  know  what  the  standard  met  and  the  deviations  are, 
hut  you  want  to  knov.  what  the  standard  met  gradients  are  that  you  are 
working  into  and  the  deviations  in  gradients  from  one  time  to  another, 
low  the  gross  weather  picture  will  make  a  major  effect  on  this  and  this 
Is  one  item  I  had  suggested  might  aid  in  the  correlation  of  this  back¬ 
ground  noise  data  of  balloons  flown  at  high  altitude.  It  Is  the  gross 
weather  situation;  are  you  In  a  rathe.'  stable  type  weather  or  are  you 
where  a  front  is  caning  through,  or  are  you  where  two  fronts  are  fight¬ 
ing  it  out  >  o  see  which  one  will  cane  through.  These  will  tend  to  give 
you  somewhat  different  stabilities  in  the  atmosphere,  different  gradients 
which  may  very  well,  if  these  noises  come  from  the  surface,  and  have  to 
go  through  this  part  of  the  atmosphere  where  the  weather  is  occurring, 
give  you  an  Indication  that  an  appreciable  amount  of  your  background 
In  this  balloon-borne  thing  was  from  the  surface  and  then  passes  through 
this  layer. 

Mr.  Diamond:  Then  Dr.  Crenshaw  may  we  quote  you  as  saying  there  Is  a 
definite  need  for  more  and  better  meteorological  data  to  higher  and 
higher  levels? 

Dr,  Crenshaw:  Well,  I  would  say  there  is  a  need;  whether  it  can  be 
funded  or  not  is  another  thing.  It  depends  on  the  relative  urgency  of 
the  need  as  we  have  heard  earlier,  on  the  mail  problem. 

Mr.  Diamond:  With  the  permission  of  the  panel,  we  might  entertain  a 
few  questions  from  the  audience  if  there  are  any  people  who  would  like 
to  fire  a  question  or  have  same  problems  they  would  like  to  have  solved 
quickly. 

Mr.  Barnes:  I'd  like  for  Dr.  Young  to  say  something  extending  his 
comments  on  the  very  low  infrasonic  work  that  he's  been  doing.  I  think 
they  mentioned  out  in  San  Francisco  something  about  the  earth  tremors 
as  an  origin  of  background  noise  as  you  might  call  it. 

Dr.  Young:  Yes.  We  have  seen  during  very  large  earthquakes  pressure 
fluctuations  in  the  atmosphere  at  Washington  due  to  the  diaphragm  action 


of  the  surface  of  the  ground  as  the  surface  wave  progresses  through  it. 

But  these  are  net  large  for  anything  hut  the  very  large  earthquakes.  I 
don't  think  think  they  would  font  an  appreciable  amount  of  background  for 
an  appreciable  amount  of  time.  There  are  scam  lower  frequency  fluctua¬ 
tions,  some  fluctuations  of  barometric  pressure  you  might  say,  down  to 
the  neighborhood  of  5  to  £0  minutes  that  do  seem  to  show  traveling  wave 
properties  over  the  surface  of  the  order  of  20  to  to  meters  per  second,  of 
fairly  high  amplitude.  We  know  very  little  about  the  origin  of  these. 

This  is  getting  down  to  a  frequency  region  which  I  think  is  not  of  much 
Interest  here. 

Dr.  Powell;  Can  you  tell  me  if  there  is  any  truth  in  the  story  I  heard 
that  a  certain  "minor  earthquake"  was  due  to  a  supersonic  bang  over  a 
seismograph? 

Dr.  Crenshaw:  It  would  pick  it  up  all  right. 

Dr.  Young:  I  don't  know  the  case  you  are  talking  about  but  I  think  it 
would  probably  be  possible  that  you  could  excite  surface  waves  by  the 
sound  waves  striking  the  surface  at  a  high  angle,  where  the  trace  velo¬ 
city  is  approximately  equal  to  the  surface  wave  velocity  in  the  earth. 

Dr.  Crenshaw:  Along  these  lines  I  might  point  out  that  Frank  Kress 
about  two  years  ago  or  three,  wrote  an  article,  I  do  not  remember  where, 
wherein  he  took  the  original  work  of  the  Royal  Meteorological  Society 
as  the  Society  recorded  a  special  report  on  the  Krakatora  explosion. 

He  demonstrated  that  one  of  the  waves  that  they  had  analyzed  at  that 
time  as  being  a  tidal  wave  arriving  in  England  after  running  around 
Africa  was  in  reality  the  coupled  wave  between  an  atmospheric  pressure 
pulse  (that  had  a  period  on  the  order  of  one -half  hour),  and  the  sur¬ 
face  of  the  ocean  and  in  driving  across  the  Atlantic  it  made  a  big 
enough  pressure  rise  in  the  surface  to  be  measured  in  England.  Another 
item  I  am  reminded  of  is  something  that  Dr.  Swingle  pointed  out  several 
years  ago  about  when  we  had  a  major  storm  in  Long  Island  Sound.  In  his 
micro-net  work  he  indicated  there  was  an  Indication  of  a  barely  di scorn - 
able  pressure  fluctuation  on  the  standard  microbarograph  which  arrived 
at  the  Long  Island  area,  at  about  the  right  time.  However,  the  atmosphere 
where  it  propagated  was  relatively  stable  so  no  damage  was  done.  However, 
in  an  unstable  condition  in  the  sound  a  great  deal  of  damage  was  dome  by 
a  sudden  squall.  One  postulate  was  that  it  may  have  been  initiated  by 
this  pressure  fluctuation. 

Mr,  Jack  Reed:  I  have  one  question.  When  would  we  be  able  to  educate 
people  to  accept  the  order  of  one  pound  per  square  foot  pressure  where 
the  damage  doesn't  really  begin  until  fear  cr  five  times  that  level? 

Will  people  ever  get  used  to  these  things  blasting  all  the  time  or  do 
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we  have  to  continue  test  explosions  sites  in  the  country,  making  sure 
that  they  equal  below,  300  microbar  like  at  Livermore.  We  got  billed 
for  stampeding  a  herd  of  turkeys  at  about  150  microbars. 

Dr.  Powell:  Well,  the  ntrnber  of  one  pound  per  square  foot  was  what 
was  also  discovered  in  Wngi in  one  or  two  flights.  This  was  the 
postcard  and  telephone  business  all  over  again  (except  they  didn't  know 
anything  was  going  to  go  off)  and  it  turned  out  that  the  limit  seemed 
to  be  around  one  pound  per  square  foot  for  people  to  start  making  com¬ 
plaints.  Whether  one  can  become  attuned  to  this  sort  of  thing,  I  think 
is  something  different.  I  wouldn't  like  it.  The  danger  is  not  so  much 
the  one  pounder  as  this  is  Just  like  a  big  thunder  clap,  but  the  real 
danger  is  that  the  atmospheric  conditions  or  the  maneuver  of  the  air¬ 
plane  may  turn  them  into  blitzes.  This  is  in  an  entirely  different 
category  altogether  and  this  I  feel  is  another  question.  I  think  people 
generally  will  tolerate  quite  a  lot  if  they  have  seme  sort  of  Interest 
in  it.  I  well  remember  flying  light  aircraft  on  maneuvers  and  we.  flew 
at  3,000  feet  in  a  little  120  horsepower  airplane  over  one  town  and  we 
got  vicious  complaints.  The  same  town  was  producing  jet  airplanes 
with  the  runway  close  to  a  main  street  and  once  the  chickens  almost  got 
blown  iround  in  the  hack  yard.  Nobody  complained  about  that.  Perhaps 
they  were  proud  of  it. 

Dr.  Harris:  That  was  their  noise,  though! 

Dr.  Powell:  Oh,  yes,  definitely. 

Mr.  Diamond:  Any  other  questions?  I  would  like  to  take  the  liberty 
of  .asking  the  panelists,  if  they  feel  free  to  do  so,  on  the  basis  of 
what  we  have  heard  over  the  last  day  and  a  half,  if  they  would  like  to 
suggest  to  us  directions  of  research  and  study  of  atmospheric  propagation 
of  sounds,  particular  ones  or  maybe  these  meetings  have  presented  ques¬ 
tions  which  weren't  apparent  before  these  meetings. 

Dr.  Harris:  There  are  a  mmber  of  atmospheric  acoustics  problems  1 
would  like  to  work  on,  but  one  of  the  rather  discouraging  aspects  of 
such  activity  is  that  although  it  is  possible  to  obtain  good  acoustic 
data,  there  is  little  that  can  be  done  with  these  ddta  if  I  do  not  have 
good  met  data  to  correlate  with  it.  So  I  have  been  waiting  for  advances 
in  meteorological  instrumentation.  If  we  are  to  make  significant  ad¬ 
vances  in  the  field  of  atmospheric  acoustics,  to  me  the  most  important 
problem  is  that  of  getting  better  met  data. 

Dr.  Youngi  One  of  the  things  that  strikes  me  in  the  talks  that  I  have 
heard  is  the  matter  of  background  noises.  I  think  perhaps  much  more 
work  should  he  done  in  this  field  because  we  do  not  know  enough  about 
the  sources  of  these  background  pressure  fluctuations.  We  don't  even 
know  how  much  of  them  are  due  to  acoustic  noises  or  how  much  are  due  to 
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turbulence  around  our  measuring  system*  I  think  a  lot  more  vork  can  be 
done  here,  and  also  perhaps  In  the  calibration  of  the  measuring  systems 
themselves.  One  of  the  problems  one  runs  into  in  trying  to  calibrate 
lov  frequency  devices  is  that  when  -small  volume  changes^are" introduced 
into  a  chamber,  the  transition  from  adiabatic  to  isotheiNiai  Conditions 
within  the  chamber  can  give  you  calibration  errors  if  care  is  not  taken. 
I  think  better  methods  can  be  developed 'tor 'calibrating  the  instru¬ 
ments  in  envi ronmetffc C '  ilfm iar  to  those  in  which  they  will  be  used. 


Dr.  Maechas,?  I  think  my  favorite  experiment  would  be  a  flight  which 
directly  measured  relative  fluid  flow  velocity  frco  the  ground  up  to  the 
altitudes  we  are  interested  in  here.  I  am  not  certain  of  the  instru¬ 
mentation.  The  relative  velocities  are  small,  a  few  miles  an  hour  is 
the  sort  of  thing  we're  thinking  of,  even  in  the  jet  stream.  Frankly, 

I 'm  not  sure  whether  a  hot  wire  measurement  would  work  in  this  range  or 
not  but  I'm  sure  there  must  be  seme  relatively  simple  velocity  measuring 
device  that  we  could  put  on  the  balloon  which  would  directly  measure 
what  the  turbulent  effects  are  as  a  function  of  altitude.  This  would 
he  very  valuable.  Instead  of  continually  struggling  with  vague  esti¬ 
mates  it  would  be  very  nice  to  have  a  direct  measurement  of  this  quanti¬ 
ty. 

Dr.  Crenshaw:  I  might  explain  part  of  the  reason  for  my  concern  in  the 
amplitude  computation.  The  amplitude  computation  as  I  understand  the 
ray  tracing  is  dependent,  upon  the  second  derivative  of  the  velocity  pro¬ 
file  with  height.  You  have  a  rough  time  measuring  the  speed  of  sound 
and  of  the  wind  and  its  direction  accurately  in  a  thirty  knot  wind  and 
if  it  changes  15  degrees  and  if  you're  at  right  angles  to  the  direction 
of  propagation  you  get  a  major  change  in  your  refractive  index  with  no 
energy  change  to  amount  to  anything  during  the  momentum  change  of  the 
medium.  Things  of  this  type,  when  the  windstream  can  make  a  major 
effect.  To  get  amplitude  you  must  measure  the  second  derivative  of 
this.  The  first  derivative  gives  you  essentially  the  general  ray  bend¬ 
ing.  In  many  of  these  cases  if  we  are  interested  in  the  lower  frequency 
areas  these  effects  appear  considerably  smaller  than  a  wave  length  and 
certainly  much  smaller  than  a  few  wave  lengths.  None  of  the  proposed 
treatments  that  I  have  seen  work,  they  Just  say  take  a  good  mean,  average 
value.  The  question  is  how  much  error  ham  you  lost  in  this  case  using 
a  ray  theory  as  an  approximation.  So  that  is  one  area  where  we  have  to 
get  sane  sort  of  sin  indication.  One  item  which  will  help  us  in  this 
noise  produced  by  these  jets  running  around  at  surd  attenuations 

are  too  small.  You  put  a  signal  in  that  i®  50  to  100  times  as  large 
as  the  background  noise  how  far  is  it  going  to  propagate.  It  won't  propa 
gate  very  far  over  the  equator  fraa  this  latitude  because  the  curves 
we  saw  the  first  day  showed  appreciable  latitude  variations.  So  we 
just  have  to  worry  about  those  in  the  northern  he  mi  sphere  I'd  say. 


Dr,  Powell:  I  would  second  everything  that's  gone  before.  I  would  like 
to  emphasize  the  last  point  from  the  point  of  view  of  the  variability 
of  the  atmosphere  as  regards  the  second  gradient  because  this  does  in¬ 
fluence  the  amplitude  very  strongly.  What  we  must  try  and  do  is  develop 
acme  analytical  techniques  which  could  apply  to  models  which  represent 
the  atmosphere  pretty  well.  But  we  must  be  very  practical  In  the  way 
we  choose  these  and  set  them  up  so  they  will  be  the  least  sensitive  as 
possible  to  the  inevitable  variations  in  the  models.  Possibly  we  may 
have  to  incorporate  something  rather  analogous  to  scattering  theories 
as  applied  to  propagation  as  such.  Another  area  which  will  ultimately 
become  of  interest  is  in  the  ionosphere  where  the  air  is  rarefied  and 
highly  ionized:  this  is  of  course  magneto-hydrodynamics.  I  think  it's 
only  a  question  of  time  until  we  are  interested  in  the  properties  of 
propagation  up  there  and  they  are  likely  to  be  quite  different  to  those 
low  down. 

Dr.  Rudmose:  There  is  a  real  disadvantage  in  being  on  the  end  -  all 
the  good  ideas  have  already  been  given.  7.  would  like,  however,  to  make 
Just  a  few  comments.  One,  is  to  point  out  that  this  field  is  really 
foreign  to  me.  My  field  has  to  do  primarily  with  the  effects  of  noise 
an  man.  I  was  Interested  in  the  question  about  one  pound  per  square 
foot.  We  are  still  worrying  about  how  much  jet  noise  the  public  can 
take  before  they  begin  to  yell  too  much.  We  still  have  no  simple  guide 
as  to  when  one  starts  making  enough  noise  to  annoy  people  or  keep  them 
from  sleeping.  I  came  here  partly  because  of  my  association  with  the 
HRC  committee  called  CHABA  for  we  are  getting  the  problem  of  the  sonic 
boom  thrown  at  us,  and  we  are  trying  to  get  seme  idea  of  the  reaction 
of  these  booms  on  the  population. 

I  have  a  couple  of  cemsents  to  make  and  not  being  In  this  field  I 
have  somewhat  the  feeling  of  a  man  walking  through  a  door  where  a 
child  has  a  bucket  of  water  over  the  door.  I  don't  really  know  where 
the  door  is  much  less  whan  the  child  will  release  the  bucket.  But  in 
any  event,  here  are  my  comments.  It  appears  to  me  that  you  could  do  a 
certain  number  of  things  on  the  ground  that  might  be  beneficial  to  you. 

Work  could  be  done  in  studying  the  propagation  of  very  low  frequency 
sounds  over  reasonable  distances  on  the  earth.  Possibly  you  could  learn 
how  to  correlate  this  propagation  with  the  micrcmeteorologieal  data  which 
you  could  get  right  near  the  surface.  Here  such  data  are  relatively  easy 
to  obtain.  I  recognize  ground  propagation  isn't  your  problem,  and  further¬ 
more  I  realize  that  you  have  been  put  in  the  position  of  "let's  get  the 
answer  and  not  worry  about  the  theory  behind  it, "  but  on  the  other  hand 
if  one  would  study,  with  the  present  instrumentation  that  we  have,  the 
attenuation  of  these  very  low  frequency  sounds  over  moderate  distances 
you  might  get  a  great  deal  of  information  that  could  be  of  help  in 
studying  what  ccmes  through  the  atmosphere .  It  may  be  that  you  could 
get  some  fundamental  information  by  working  with  very  low  frequencies 
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in  a  tube.  You  could,  if  you  wish,  after  sending  out  a  pulse  of  low 
frequencies,  block  your  source  end  and  let  the  pulse  go  back  and  forth 
for  awhile.  The  tube  need  not  be  too  long.  Within  this  tube  you  could 
put  in  membranes  which  have  small  attenuation  for  these  frequencies. 
Then,  between  membranes  you  could  introduce  all  degrees  of  turbulence 
along  this  tube  and  watch  the  pulse  go  back  and  forth.  Possibly  from 
such  measurements  you  could  get  seme  feeling  as  to  what  happens  under 
these  controlled  conditions.  I  recognize  there  is  no  real  scattering 
in  such  a  tube.  But  if  you  get  clever  and  make  the  sides  of  this  tube 
acoustically  "leaky"  then  you  have  a  little  better  approximation  of  free 
space.  I  am  not  sure  you  cannot  get  some  good  fundamental  data  from 
this  approach  without  "leaky"  sides.  Such  an  experiment  would  not  be 
too  expensive  when  compared  to  the  cost  of  firing  rockets  to  obtain  the 
equivalent  amount  of  data. 

Mr.  Diamond:  Thank  you  gentlemen.  On  behalf  of  those  present  I  want 
to  thank  you  for  .a  very  stimulating  and  informative  discussion.  That 
completes  our  panel  discussion.  ,  ■  , 
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